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FOREWORD 
This  r e p o r t  d e s c r i b e s  t h e  work performed d u r i n g  t h e  pe r iod  
1 J u l y  1966 t o  3 0  September 1967 under Con t rac t  NAS8-11038 f o r  t h e  N A S A ,  
Marshal l  Space F l i g h t  Cen te r .  The NASA Technical  Monitor was M r .  
c .  R .  Bai ley and D r .  Uno Inga rd  of  t h e  Massachuset ts  I n s t i t u t e  of 
Technology se rved  as t e c h n i c a l  c o n s u l t a n t .  The fol lowing pe r sonne l  of 
P r a t t  & m i t n e y  A i r c r a f t  c o n t r i b u t e d  t o  t h e  t e c h n i c a l  e f f o r t  and p repa ra -  
t i o n  o f  the r e p o r t :  P.A. Marino, N .  Bohn, P.L. R u s s e l l ,  A . C .  S c h n e l l ,  
and G.L. Parsons.  The P r a t t  & Whitney A i r c r a f t  Program Manager was 
M r .  G .  D .  G a r r i s o n .  
ii 
Pratt & Whitney Rircraft 
PWA FR-2596 
ABSTRACT 
The o b j e c t i v e s  of work conducted d u r i n g  t h e  per iod 1 J u l y  1966 t o  
30 September 1967 were: t o  determine t h e  e f f e c t s  on l i n e r  a b s o r p t i o n  of 
s imultaneous gas  flows through and past t h e  a p e r t u r e s  , t o  i n v e s t i g a t e  
methods of  improving t h e  bandwidth c h a r a c t e r i s t i c s  o f  a b s o r b i n g  l i n e r s ,  
and t o  determine t h e  e f f e c t s  on a b s o r p t i o n  o f  d i f f e r e n c e s  i n  gas prop- 
e r t i e s  between t h e  l i n e r  a p e r t u r e s  and t h e  combustion chamber. An 
impedance t u b e  modif ied w i t h  flow duc t s  was used t o  measure t h e  i n c r e a s e  
i n  l i n e r  a c o u s t i c  r e s i s t a n c e  w i t h  flow; c o r r e l a t i o n s  of d a t a  w i t h  bo th  
flow v e l o c i t y  and Mach number a r e  presented.  S i x  d i f f e r e n t  l i n e r  
a s sembl i e s  were e v a l u a t e d  i n  t h e  bandwidth expe r imen t s .  - 
ses were made of t h e  two as sembl i e s  t h a t  produced t h e  g r e a t e s t  bandwidth 
improvement. A pressure-phase impedance measuring d e v i c e  was used i n  the  gas  
p r o p e r t y  experiments;  from t h e  results i t  was concluded t h a t  t h e  e f f e c t s  
on sound i n t e n s i t y  o f  a change i n  the  medium through which a sound wave 
must t r a v e l  can be p r e d i c t e d  from one-dimensional t h e o r y .  I n  a d d i t i o n ,  
a s t a n d a r d  impedance t u b e  d r i v e n  by a h i g h - i n t e n s i t y  e l ec t ropneumat i c  
t r a n s d u c e r  w a s  used t o  measure t h e  a c o u s t i c  r e s i s t a n c e  o f  Helmholtz-type 
r e s o n a t o r  a r r a y s  a t  i n c i d e n t  sound p r e s s u r e  l e v e l s  i n  t h e  n o n l i n e a r  regime. 
A s imple  c o r r e l a t i o n  o f  t h e  non l inea r  r e s i s t a n c e  f a c t o r  w i t h  sound p r e s -  
s u r e  w a s  ob ta ined .  
T h e o r e t i c a l  a n a l y -  
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SECTION I 
INTRODUCTION 
Absorbing l i n e r s ,  c o n s i s t i n g  of  an a r r a y  of  Helmholtz r e s o n a t o r s ,  
have been used f o r  many yea r s  a t  P r a t t  & Whitney A i r c r a f t  t o  e l i m i n a t e  
combustion i n s t a b i l i t y  i n  a i r b r e a t h i n g  eng ines .  The r e s u l t i n g  expe r i ence  
sugges ted  t h e  b a s i s  f o r  a s i m i l a r  approach t o  t h e  s o l u t i o n  of i n s t a b i l i t y  
problems i n  r o c k e t  engines .  With t h i s  o v e r a l l  o b j e c t i v e ,  work was i n i t i -  
a t e d  i n  June 1963 under  Con t rac t  NAS8-11038. 
Throughout t h e  f i r s t  y e a r ,  t h e  program was d iv ided  i n t o  two major 
t a s k s  (Reference l?, 
survey  of v a r i o u s  mechanical damping d e v i c e s  t h a t  a r e  used i n  r o c k e t  engine  
combustion chambers and a i r b r e a t h i n g  combustors.  The second t a s k  involved  
a n  a n a l y t i c a l  s tudy  of t h e  most promising damping dev ices  t h a t  were found. 
The g o a l s  of t h e  a n a l y t i c a l  s tudy  were (1) t o  fo rmula t e  b a s i c  fundamentals  
of damping device des ign ;  (2 )  t o  dev i se  i n s t a l l a t i o n  schemes f o r  suppres s ing  
t h e  t r a n s v e r s e ,  and p o s s i b l y  t h e  l o n g i t u d i n a l ,  modes of combustion i n s t a b i l i t y ;  
and (3)  t o  fo rmula t e  a n  exper imenta l  program necessa ry  t o  suppor t  t h e  a n a l y t i c a l  
e f f o r t .  
The f i r s t  t a s k  r e q u i r e d  a complete and comprehensive 
The l i t e r a t u r e  survey r evea led  approximately 875 r e f e r e n c e s  concern ing  
combustion o s c i l l a t i o n s  of which approximately 60 were determined t o  be  
a p p l i c a b l e  t o  t h e  mechanical damping of  o s c i l l a t i o n s .  A l l  r e f e r e n c e s  
inc luded  i n  t h e  survey were compiled and pub l i shed  i n  a KWIC index.  The 
most promising dev ices  were i n j e c t o r  b a f f l e s  ( r e f l e c t i n g  d e v i c e s )  and 
abso rb ing  o r  "screech" l i n e r s  (absorbing d e v i c e s ) .  
An a n a l y s i s  of i n j e c t o r  b a f f l e s  and abso rb ing  chamber l i n e r s  was t h e n  
conducted,  A pa rame t r i c  a n a l y s i s  of a n  abso rb ing  chamber l i n e r  was com- 
p l e t e d  us ing  techniques  t h a t  were developed f o r  t u r b o j e t  a f t e r b u r n e r  
l i n e r  des ign .  The e f f e c t s  of gas  media f low on abso rb ing  l i n e r  performance 
were determined w i t h i n  t h e  l i m i t a t i o n s  imposed by t h e  a p p l i c a b i l i t y  of 
e x i s t i n g  d a t a .  I n  a d d i t i o n ,  t h e  heat t r a n s f e r ,  s t r e s s ,  and weight  prob-  
lems, which a r e  a s s o c i a t e d  wi th  t h e  i n s t a l l a t i o n  of a n  abso rb ing  l i n e r  i n  
a t y p i c a l  r e g e n e r a t i v e l y  cooled rocke t  chamber, were ana lyzed  and an  
expe r imen ta l  program f o r  o b t a i n i n g  the  a c o u s t i c  d a t a  needed t o  improve 
abso rb ing  l i n e r  d e s i g n  technology w a s  formula ted .  
*Refe rences  a r e  g i v e n  i n  S e c t i o n  V I I I .  
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A t  the  complet ion of t h e  f i r s t  y e a r  of e f f o r t ,  Con t rac t  NAS8-11038 
was amended t o  e n l a r g e  i t s  scope and t o  i n c r e a s e  the  p e r i o d  of performance. 
The o b j e c t i v e s  of t h e  amendment were ( 1 )  t o  e s t a b l i s h  e x p e r i m e n t a l l y  t h e  
e f f e c t i v e n e s s  o f  sound a b s o r b e r s  i n  s u p p r e s s i n g  combustion o s c i l l a t i o n s  
i n  r o c k e t  chambers; ( 2 )  t o  i n v e s t i g a t e  q u a l i t a t i v e l y  t h e  performance of 
r e s o n a t o r s ;  (3) t o  d e s i g n  long l e a d t i m e  i tems needed i n  a co ld  flow 
a c o u s t i c s  t e s t  program; and ( 4 )  t o  d e v i s e  methods of c o o l i n g  sound a b s o r b e r s  
i n  r o c k e t  engine combustion chambers. To ach ieve  t h e s e  o b j e c t i v e s ,  t h e  work 
d e s c r i b e d  i n  t h e  fo l lowing  paragraphs was accomplished (Reference 2 ) .  
Three a c o u s t i c a l  abso rbe r s  were b u i l t  and t e s t e d  i n  a 10 - in .  d i a m e t e r ,  
LO,/LH2 combustion chamber. 
of a b s o r p t i o n  and t h e  l o c a t i o n  of abso rb ing  s u r f a c e s  t h a t  a r e  necessa ry  t o  
p r e v e n t  combustion i n s t a b i l i t y  i n  t h e  chamber. 
R e s u l t s  of t h e s e  t e s t s  demonstrated t h e  amount 
To q u a l i t a t i v e l y  s t u d y  t h e  performance of sound a b s o r b e r s ,  a w a t e r  
t a b l e  (o r  r i p p l e  t ank)  was designed and f a b r i c a t e d .  The wa te r  t a b l e  was 
s e l e c t e d  f o r  t h i s  purpose because t h e  motion of waves on t h e  s u r f a c e  of 
sha l low w a t e r  i s  analogous t o  t h e  motion of a c o u s t i c  waves i n  a gaseous 
medium. 
The experimental  program formulated a s  p a r t  of t h e  f i r s t  y e a r ' s  e f f o r t  
would r e q u i r e  an  appa ra tus  t h a t  i s  capab le  of measuring t h e  a c o u s t i c  
impedance of r e s o n a t o r s  t h a t  a r e  s u b j e c t e d  t o  high v e l o c i t y  gas  f low and 
h igh  i n t e n s i t y  sound; hawever, t h e  g e n e r a t i o n  o f  sound p r e s s u r e  levels  
o v e r  165 db i s  a d i f f i c u l t  problem. T h e r e f o r e ,  t h e  u s e  of a b i s t a b l e  
f l u i d  o s c i l l a t o r  a s  a h i g h - i n t e n s i t y  sound g e n e r a t o r  was expe r imen ta l ly  
exp lo red .  R e s u l t s  i n d i c a t e d  t h a t  a s u b s t a n t i a l  development e f f o r t  would 
have t o  be expended t o  extend t h e  sound p r e s s u r e  leve l  ob ta ined  i n  p r e -  
l i m i n a r y  t e s t s  t o  t h e  r e q u i r e d  v a l u e s  ( i . e . ,  h i g h e r  t h a n  170 a b ) .  
r e c e n t  a v a i l a b i l i t y  of commercial h i g h - i n t e n s i t y  sound g e n e r a t o r s  has 
r ende red  i m p r a c t i c a l  f u r t h e r  development of t h e  f l u i d  o s c i l l a t o r  f o r  
t h i s  purpose.  
* 
The 
* I n  t h i s  r e p o r t  a l l  p r e s s u r e s  expres sed  i n  d e c i b e l s  (db) a r e  based on a 
r e f e r e n c e  p r e s s u r e  of 0.0002 microbar .  
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I n  a d d i t i o n ,  t h e  c o o l i n g  requirements  of sound a b s o r b e r s  f o r  use i n  
r o c k e t  engine  combustion chambers were ana lyzed ,  and s u i t a b l e  t echn iques  
were de r ived  f o r  convec t ive ly  coo l ing  abso rbe r s .  Considered i n  t h e  
a n a l y s i s  were r e g e n e r a t i v e  c y c l e s  using f o u r  d i f f e r e n t  p r o p e l l a n t  com- 
b i n a t i o n s  a t  two chamber p r e s s u r e s .  
A t  t h e  complet ion of t h i s  phase of work, Con t rac t  NAS8-11038 was 
a g a i n  amended t o  i n c r e a s e  t h e  scope of e f f o r t  and ( 2 )  t o  l e n g t h e n  t h e  
pe r iod  of performance by 13 months, t o  J u l y  1966. The o b j e c t i v e s  of t h e  
amendment (Phase 11 )  were t o  expand and improve t h e  a c o u s t i c  damping 
t h e o r y ,  and t o  f u r t h e r  develop the  coo l ing  techniques  r e q u i r e d  f o r  
t h e  u s e  of a c o u s t i c a l  absorb ing  devices  i n  r o c k e t  engine  combustion 
chambers. The r e s u l t s  of t h e s e  o b j e c t i v e s  a r e  desc r ibed  i n  t h e  fo l lowing  
paragraphs  (Reference 6 ) .  
An a n a l y t i c a l  program was conducted t o  ex tend  and improve t h e  mechani- 
c a l  damping theo ry  used i n  t h e  design of absorb ing  l i n e r s .  The 
program inc luded  (1) t h e  development o f  a theo ry  f o r  t h e  d e s i g n  of 
nonresonant  a c o u s t i c  l i n e r s ,  (2)  a s tudy  of t h e  c o r r e l a t i o n s  of e x p e r i -  
mental  da t a  t h a t  could  be  used f o r  p r e d i c t i n g  t h e  n o n l i n e a r  r e s i s t a n c e  
of a r e s o n a t o r  u n t i l  more and p r e c i s e  d a t a  could  be  o b t a i n e d ,  and (3) a n  
i n v e s t i g a t i o n  of t h e  e f f e c t s  of i n c i d e n t  sound p r e s s u r e  ampl i tude  on 
l i n e r  des ign .  
An uncooled l i n e r  t e s t  program was made t o  de te rmine  t h e  amount of 
a b s o r p t i o n  r e q u i r e d  f o r  suppres s ion  of combustion i n s t a b i l i t y  and t o  
e v a l u a t e  t h e  e f f e c t i v e n e s s  of l i n e r s  made of a b l a t i v e  m a t e r i a l s .  E i g h t  
new abso rb ing  l i n e r s  were f a b r i c a t e d  and 35 t e s t s  were conducted us ing  
two d i f f e r e n t  combustion chambers. I n  a d d i t i o n ,  supplementary d a t a  were 
obta ined  on t h e  e f f e c t s  of a p e r t u r e  f low and t h e  t empera tu re  of t h e  gas  
i n  t h e  l i n e r  a p e r t u r e s  and c a v i t y .  
T e s t s  were made t o  e v a l u a t e  exper imenta l ly  t h e  e f f e c t s  of f lows and 
h igh  sound p r e s s u r e  l e v e l s  on t h e  a c o u s t i c a l  c h a r a c t e r i s t i c s  of absorb ing  
l i n e r s .  
Cool ing methods f o r  f o u r  d i f f e r e n t  types  of combustion chamber absorb-  
i n g  l i n e r s  were a n a l y t i c a l l y  developed and ana lyzed .  Also  s t u d i e d  , i n  
a d d i t i o n  t o  f i lm-cooled ,  t r a n s p i r a t i o n - c o o l e d ,  and c o n v e c t i v e l y  cooled  
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l i n e r s  f o r  p reburne r  engine c y c l e s ,  was a c o n v e c t i v e l y  cooled eng ine  
employing s m a l l  r e c t a n g u l a r  s l o t s  a s  c o o l a n t  pas sages .  
A t  the complet ion of t h e  Phase I1 work t h e  c o n t r a c t  was a g a i n  modif ied 
t o  inc lude  t h e  fo l lowing  t a s k s :  
1. 
2. 
3 .  
A d e t e r m i n a t i o n  of t h e  e f f e c t s  on l i n e r  a b s o r p t i o n  of 
s imultaneous gas  f lows through and p a s t  t h e  a p e r t u r e s  
An a n a l y s i s  t o  determine methods of improving t h e  band- 
width c h a r a c t e r i s t i c s  of abso rb ing  l i n e r s  
An expe r imen ta l  d e t e r m i n a t i o n  o f  t h e  e f f e c t s  on abso rp -  
t i o n  of d i f f e r e n c e s  i n  gas  p r o p e r t i e s  between t h e  l i n e r  
a p e r t u r e s  and t h e  combus t i o n  chamber. 
A l l  work accomplished under t h e  above t h r e e  t a s k s  i s  r e p o r t e d  h e r e i n .  
I n  a d d i t i o n ,  a n  experiment conducted t o  de t e rmine  t h e  e f f e c t s  of h igh  
sound p res su re  levels  on t h e  s p e c i f i c  a c o u s t i c  r e s i s t a n c e  of abso rb ing  
l i n e r s  i s  r e p o r t e d .  
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SECTION I1 
SUMMARY OF ACCOMPLISHMENTS 
A summary of a l l  work accomplished under t h e  c u r r e n t  phase of t h e  
program i s  g iven  i n  t h e  fo l lowing  paragraphs.  A l l  work was performed 
i n  t h e  p e r i o d  from 1 J u l y  1966 t o  30 September 1967. 
A .  HIGH SOUND PRESSURE LEVEL EXPERIMENTS 
For  t h e  d e s i g n  of a c o u s t i c  l i n e r s ,  i n fo rma t ion  i s  needed on t h e  
v a r i a t i o n  of a c o u s t i c  r e s i s t a n c e  w i t h  sound p r e s s u r e  a t  levels  above 
160 db.  When sound p r e s s u r e  l e v e l s  a r e  g r e a t e r  t h a n  100 db ,  a n o n l i n e a r  
r e s i s t a n c e  t o  t h e  sound wave m u s t  be cons ide red  i n  a d d i t i o n  t o  t h e  l i n e a r  
r e s i s t a n c e .  Because, a t  p r e s e n t ,  the n o n l i n e a r  r e s i s t a n c e  o f  a n  a r r a y  o f  
r e s o n a t o r s  cannot  be determined from t h e o r y ,  e m p i r i c a l  c o r r e l a t i o n s  o f  
expe r imen ta l  d a t a  m u s t  b e  used. 
I n  t h e  work r e p o r t e d  h e r e i n ,  a s t anda rd  ASTM-type impedance t u b e  
d r i v e n  by a h i g h - i n t e n s i t y  e l ec t ropneumat i c  sound g e n e r a t o r  was used,  
a long  w i t h  an  improved d a t a  r eco rd ing  technique t o  measure t h e  r e s i s t a n c e  
of Helmholtz-type r e s o n a t o r  a r r a y s  a t  i n c i d e n t  sound p r e s s u r e  levels from 
121  t o  171 db. A s imp le  c o r r e l a t i o n  of t h e  n o n l i n e a r  r e s i s t a n c e  e f f e c t s  
w i t h  sound p r e s s u r e  was ob ta ined .  
B. SIMULTANEOUS FLOW EXPERIMENT 
An impedance t u b e  modified w i t h  flow d u c t s  was used t o  de t e rmine  t h e  
e f f e c t s  o f  s imultaneous f low on t h e  a c o u s t i c  r e s i s t a n c e  of l i n e r  samples.  
T e s t s  were a l s o  conducted w i t h  flow p a s t  t h e  a p e r t u r e s .  
flow experiment ,  t h e  v e l o c i t y  p a s t  t he  a p e r t u r e s  was v a r i e d  from 25 t o  
490 f t / s e c  and t h e  flow-through v e l o c i t y  w a s  v a r i e d  from 100 t o  400 f t / s e c .  
I n  t h e  s imul t aneous  
R e s u l t s  of t h e  experiment showed t h a t  f low-past  o r  f low-through causes  
t h e  a c o u s t i c  r e s i s t a n c e  t o  i n c r e a s e  i n  p r o p o r t i o n  t o  t h e  f low v e l o c i t y .  
Flow-through was found t o  cause  a n  i n c r e a s e  i n  r e s i s t a n c e  seven t imes 
g r e a t e r  t h a n  t h a t  caused by flow-past of t h e  same v e l o c i t y .  
t aneous  flows i t  was found t h a t  t h e  e f f e c t s  of f low-past  were n e g l i g i b l e ,  
f o r  t h e  r e s i s t a n c e  inc reased  a s  though only flow-through were p r e s e n t .  
C o r r e l a t i o n s  of d a t a  i n  t h e  form of t h e  i n c r e a s e  i n  r e s i s t a n c e  w i t h  b o t h  
flow v e l o c i t y  and Mach number a r e  presented.  
With s imul-  
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C .  IMPROVEMENT OF ABSORPTION CHARACTERISTICS 
I n  an e f f o r t  t o  improve the  a b s o r p t i o n  c h a r a c t e r i s t i c s  of a c o u s t i c  
l i n e r s ,  s i x  d i f f e r e n t  d e s i g n  concep t s  were e x p e r i m e n t a l l y  e v a l u a t e d .  
Analyses were made of t h e  two des igns  t h a t  o f f e r e d  t h e  g r e a t e s t  p o t e n t i a l  
i n  ach iev ing  t h e  o b j e c t i v e .  
I n c r e a s i n g  a p e r t u r e  r e s i s t a n c e  w i t h  porous s c r e e n s  t o  improve abso rp -  
t i o n  c h a r a c t e r i s t i c s  was a t t empted .  P a r t i c u l a r  combinations of h i g h  open 
a r e a  r e s o n a t o r s  and low d e n s i t y  porous backing p l a t e s  proved t o  be  t h e  
most e f f e c t i v e .  The r e s u l t  was an  i n c r e a s e d  bandwidth performance 
accompanied by a r e d u c t i o n  i n  a b s o r p t i o n  ampl i tude .  
Nonresonant (porous)  abso rb ing  m a t e r i a l  w i t h  added c o n v e n t i o n a l  
r e s o n a t o r s  were found t o  have a r e s o n a n t  f requency lower than  theory 
would p r e d i c t .  No i n c r e a s e d  bandwidth performance was observed.  
The dimpled r e s o n a t o r  was e v a l u a t e d ,  s i n c e  t h e  c o n f i g u r a t i o n  o f f e r s  
a weight and space s a v i n g  advantage i n  r e s o n a t o r  a r r a y  d e s i g n .  NO 
improvement i n  t h e  bandwidth c h a r a c t e r i s t i c s  over t h a t  of t h e  c o n v e n t i o n a l  
Helmholtz r e s o n a t o r  a r r a y  was noted.  
A sample wi th  d i f f e r e n t  c a v i t y  volumes, and the reby  d i f f e r e n t  r e s o n a n t  
f requencies ,  was found t o  posses s  high a b s o r p t i o n  c o e f f i c i e n t s  t h a t  were 
independent of f requency.  A s i m i l a r  c o n f i g u r a t i o n  c o n s i s t i n g  of two 
p a r a l l e l  a r r a y s  of r e s o n a t o r s  was a l s o  found t o  have e x c e l l e n t  a b s o r b i n g  
bandwidth c h a r a c t e r i s t i c s .  A b a s i c  working t h e o r y  f o r  t h e  p a r a l l e l  
des ign  was e s t a b l i s h e d  us ing  a n  a c o u s t i c - e l e c t r i c  ana log .  Equa t ions  f o r  
p r e d i c t i n g  t o t a l  a b s o r p t i o n  and procedures  t o  be fol lowed f o r  computing 
t h e  r e sonan t  f r e q u e n c i e s  a r e  p re sen ted .  
The double r e s o n a t o r  i n  se r ies  was shown t o  posses s  r e s o n a n t  p r o p e r t i e s  
s i m i l a r  t o  those  of t h e  p a r a l l e l  d e s i g n .  
l i s h e d  from an  a c o u s t i c - e l e c t r i c  a n a l o g  f o r  t h e  s e r i e s  doub le  r e s o n a t o r .  
Equations a r e  p r e s e n t e d  f o r  c a l c u l a t i n g  t o t a l  a b s o r p t i o n  and a procedure 
i s  given f o r  computing r e s o n a n t  f r e q u e n c i e s .  
A working t h e o r y  was a l s o  e s t a b -  
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D . PROPERTY VARIATION EFFECTS 
Rocket t e s t  d a t a  have shown t h a t  l a r g e  tempera ture  g r a d i e n t s  e x i s t  
between t h e  gas  i n  t h e  combustion chamber and t h e  g a s e s  i n  t h e  a p e r t u r e s  
and c a v i t i e s  of abso rb ing  l i n e r s .  Experiments were t h e r e f o r e  conducted 
t o  de te rmine  how t h e  r e s u l t i n g  v a r i a t i o n  i n  gas  p r o p e r t i e s  a f f e c t e d  t h e  
l i n e r  abso rb ing  c h a r a c t e r i s t i c s .  
The ASTM impedance tube  was found t o  be  u n s u i t a b l e  because  of d i s t o r t i o n  
i n  t h e  s t a n d i n g  wave p a t t e r n .  To overcome t h e  problem, a n  impedance appa ra tus  
was f a b r i c a t e d  t h a t  e l imina ted  t h e  need t o  o b t a i n  d a t a  from a s t a n d i n g  wave. 
The impedance appara tus  was designed f o r  a f requency r ange  of 500 t o  7000 Hz. 
Using t h e  new impedance dev ice  t h e  p rope r ty  g r a d i e n t  w i t h i n  a r o c k e t  
chamber was s imula ted  by g e n e r a t i n g ,  i n  a i r ,  a sound wave a t  one end of  a n  
open d u c t .  A r e s o n a t o r  assembly, through which ambient he l ium could 
s lowly  be metered,  was i n s t a l l e d  a t  t h e  oppos i t e  end of t h e  d u c t .  From t h e  
exper imenta l  r e s u l t s  i t  was concluded t h a t  t h e  e f f ec t s  on sound i n t e n s i t y  
of a change i n  t h e  medium through which a sound wave must t r a v e l  can  be 
p r e d i c t e d  from one-dimensional theory .  I n  a d d i t i o n ,  i t  was shown t h a t  i f  
t h e  p r o p e r t i e s  of t h e  g a s  i n  t h e  a p e r t u r e s  and c a v i t y  of an abso rb ing  l i n e r  
o p e r a t i n g  i n  such a n  environment a r e  known, the  a c o u s t i c  performance of t h e  
a r r a y  can b e  p r e d i c t e d  w i t h i n  t h e  l i m i t s  of t h e  p r e s e n t  t h e o r y .  
E .  ADDITIONAL WORK ACCOMPLISHED 
Addi t iona l  impedance t e s t s  were conducted w i t h  a r e s o n a t o r  a r r a y  of 
5.4% open a r e a  r a t i o  u s i n g  b o t h  t h e  standing-wave impedance t u b e  and t h e  
pressure-phase  a p p a r a t u s .  Comparisons of t h e  d a t a  w i t h  t h e o r y  i n d i c a t e d  
t h a t  t h e  p r e s e n t  theory  i s  inadequate  f o r  f r e q u e n c i e s  g r e a t e r  t h a n  
resonance i n  t h e  frequency r ange  above 2000 Hz. It i s  t h e r e f o r e  
recommended t h a t  a d d i t i o n a l  r e s e a r c h  be conducted w i t h  t h e  o b j e c t i v e  of 
improving t h e  absorb ing  l i n e r  des ign  t h e o r y  i n  t h e  h igh  f requency ,  h igh  
SPL regime. U n t i l  t h e  problem i s  r e s o l v e d ,  a b s o r b e r  d e s i g n s  f o r  f r e -  
quencies  g r e a t e r  t h a n  2000 Hz should be tuned f o r  o p e r a t i o n  below 
resonance.  
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SECTION I11 
MEASUREMENT OF ACOUSTIC RESISTANCE AT 
HIGH SOUND PRESSURE LEVELS 
A .  INTRODUCTION 
The parameter  used f o r  r a t i n g  the performance of abso rb ing  l i n e r s  i s  
t h e  a b s o r p t i o n  c o e f f i c i e n t  (a), which i s  d e f i n e d  a s  t h e  r a t i o  of energy 
absorbed by t h e  l i n e r  t o  the  energy of t he  i n c i d e n t  p r e s s u r e  wave. The 
c o e f f i c i e n t  i s  c a l c u l a t e d  from 
( Z  - - 17 
z + l  (111-1) 
where Z i s  t h e  s p e c i f i c  a c o u s t i c  impedance of t h e  l i n e r  assembly. The 
a c o u s t i c  impedance, d e f i n e d  a s  t h e  r a t i o  of i n c i d e n t  p r e s s u r e  t o  t h e  
p a r t i c l e  volume v e l o c i t y ,  can be c a l c u l a t e d  from 
Z = 8 + i X  (111-2) 
where 8 i s  t h e  s p e c i f i c  a c o u s t i c  r e s i s t a n c e  of t h e  l i n e r  caused by t h e  
p re sence  of t h e  f a c i n g  m a t e r i a l  (and a p e r t u r e s )  and X i s  t h e  s p e c i f i c  
r e a c t a n c e  of t h e  l i n e r  assembly, i . e . ,  t h e  l i n e r  f a c i n g  and back ing  
c a v i t y .  For  a Helmholtz-type r e s o n a t o r ,  t h e  r e a c t a n c e  i s  composed of 
c a p a c i t a n c e  and i n e r t a n c e  e f f e c t s  i n  t h e  fo l lowing  manner: 
(I11 -3 ) 
where W i s  t h e  angu la r  f requency,  L i s  t h e  i n e r t a n c e  due t o  t h e  mass A 
of t h e  gas  i n  t h e  a p e r t u r e s  and CA i s  t h e  c a p a c i t a n c e  due t o  t h e  compress- 
i b i l i t y  of t h e  gas i n  t h e  backing c a v i t y .  
The s p e c i f i c  a c o u s t i c  r e s i s t a n c e  i s  determined from 
(111-4) 
I n  the  above e q u a t i o n  t h e  terms 1 and t / d  r e p r e s e n t  t h e  v i scous  l o s s e s  i n  
t h e  f a c i n g  and neck of the  a p e r t u r e ,  w h i l e  t h e  Ane/d term r e p r e s e n t s  t h e  addi-. 
t i o n a l  l o s s e s  encountered a t  h igh  sound pressure l e v e l s .  For high sound l e v e l s  
Ane/d becomes t h e  dominant term because a s  sound i n t e n s i t i e s  approach 140 db ,  
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3.0 
2.0 
1.0 
changes i n  t h e  c i r c u l a t i o n  p a t t e r n s  and tu rbu lence  l e v e l s  i n  t h e  a p e r t u r e s  
of t h e  l i n e r  t a k e  p l a c e .  A n o n l i n e a r  i n c r e a s e  of r e s i s t a n c e  w i t h  sound 
pressure level r e s u l t s .  T h e  e f f e c t s  of h igh  sound i n t e n s i t i e s  on t h e  
components of impedance f o r  a l i n e r  assembly a r e  i l l u s t r a t e d  i n  f i g u r e  111-1. 
1 I 
Sample Thickness = 0.250 in. 
Hole Dia = 0.050 in. I 
Open Area Ratio = 0.080 
II I P 
Reactance 
I 
- . 
7 Resistance ,% 
0 ”  
0 120 130 140 150 1 
MAXIMUM SOUND PRESSURE LEVEL - db 
(Ref 0.0002 Microbar) 
Figure  111-1. Acous t ic  Reactance and 
R e s i s t a n c e  Data vs Sound 
P r e s s u r e  Level  
FD 23130 
Because the  r e s i s t a n c e  of a r e s o n a t o r  a r r a y  o p e r a t i n g  i n  t h e  n o n l i n e a r  
regime can n o t  y e t  be  determined t h e o r e t i c a l l y ,  e m p i r i c a l  c o r r e l a t i o n s  of 
exper imenta l  d a t a  m u s t  be used (References 3 and 4 ) .  U n f o r t u n a t e l y ,  t h e  
gene ra t ion  of h i g h - i n t e n s i t y  sound i n  a c o n t r o l l e d  experiment  i s  a d i f f i -  
c u l t  problem. For t h e  d e s i g n  of abso rb ing  l i n e r s  ( a r r a y s  of r e s o n a t o r s )  
on ly  Blackman’s da t a  were known t o  b e  a v a i l a b l e  (Reference 4 ) ;  however, 
c o r r e l a t i o n s  based on t h e s e  d a t a  may n o t  be  v a l i d .  As shown i n  f i g u r e  111-2, 
t h e  sample was bad ly  s c a t t e r e d  and ,  i n  a d d i t i o n ,  l i m i t e d  t o  sound p r e s s u r e  
l e v e l s  of 160 db o r  l e s s ,  
The r ecen t  a v a i l a b i l i t y  of commercial h i g h - i n t e n s i t y  sound g e n e r a t o r s  
has  made p o s s i b l e  a n  i n v e s t i g a t i o n  t o  de te rmine  t h e  n o n l i n e a r  r e s i s t a n c e  
of r e sona to r  a r r a y s  a t  i n c i d e n t  sound p r e s s u r e  levels  from 121 t o  171 d b .  
The exper imenta l  appa ra tus  c o n s i s t e d  of a s t a n d a r d  (ASTM) impedance tube  
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w i t h  a r e f inemen t  i n  t h e  d a t a  r eco rd ing  p rocess  t h a t  l e d  t o  a s i g n i f i c a n t  
improvement i n  p r e c i s i o n  over  t h a t  of t h e  d a t a  pub l i shed  by Blackman. 
F igu re  111-2. Nonlinear Resis tance vs  I n t e n s i t y  FD 23131 
Leve l ,  Blackman's Data 
B. METHOD OF TEST 
The a c o u s t i c  r e s i s t a n c e  of r e sona to r  samples was ob ta ined  u s i n g  
conven t iona l  impedance tube techniques.  The tube  was f a b r i c a t e d  acco rd ing  
t o  t h e  s t anda rds  s e t  f o r t h  by t h e  American S o c i e t y  f o r  T e s t i n g  M a t e r i a l s  
(Reference 5 )  f o r  use i n  t h e  frequency r ange  of 400 t o  2000 Hz. 
EPT-94-B a i r -modu la t ing  t r a n s d u c e r  was  used a s  t h e  sou rce  o f  h i g h - i n t e n s i t y  
sound. The b l eed  tubes  l o c a t e d  i n  t h e  e x p o n e n t i a l  horn ( f i g u r e  111-3) pe r -  
m i t t e d  t h e  gaseous n i t r o g e n  from t h e  sound s o u r c e  t o  b e  vented t o  t h e  
atmosphere.  To minimize t h e  loss  of sound energy,  t h e  tubes  were of 
A Ling 
111-3 
Pratt & Whitney Flircraft 
PWA FR-2596 
quarter-wave l e n g t h  and t h e r e f o r e  had t o  be r e p l a c e d  w i t h  a d i f f e r e n t  
s e t  each t i m e  t h e  t e s t  f requency was changed, An A l t e c  microphone, 
t ype  2-BR-180, mounted on a c a l i b r a t e d  probe tube* was used t o  de t e rmine  
t h e  s t and ing  wave p a t t e r n  i n  t h e  t u b e ;  t h e  s i g n a l  was r eco rded  on a s t r i p  
c h a r t .  Also recorded on t h e  c h a r t  was t h e  d i s t a n c e  from t h e  sample t r a v -  
e r s e d  by t h e  microphone probe. The d i s t a n c e  was recorded by g r a p h i c a l l y  
d i s p l a y i n g  each r e v o l u t i o n  of t h e  l e a d  screw t h a t  d r i v e s  t h e  probe ( f i g -  
u r e  111-4). The t r a c e  of t h e  l e a d  screw displacement  has  two f r e q u e n c i e s  
because t h e  s t r i p  c h a r t  was operated a t  a c o n s t a n t  speed whereas t h e  l e a d  
screw d r i v e  motor was ope ra t ed  a t  two d i f f e r e n t  speeds (low speed i n  t h e  
v i c i n i t y  of t he  minimum p r e s s u r e  p o i n t ) .  
determine t h e  d i s t a n c e  from t h e  sample t o  t h e  p r e s s u r e  minimums w i t h i n  
* 0.005 i n .  Three r e s o n a t o r  a r r a y  samples w i t h  c i r c u l a r  a p e r t u r e s  were 
u s e d ;  each had a d i f f e r e n t  geomet r i ca l  c o n f i g u r a t i o n  a s  d e s c r i b e d  i n  
t a b l e  111-1. 
The two t r a c e s  could be  used t o  
/Sound Source 
/Exponent ia l  Horn 
Gaseous Nitrogen 
SUPPlY 
7'1 - Bleed Tubes  
,-Traversing Mechanism 
Impedance Tube  /- 
\\-I Microphone 
Probe 
Figure 111-3. Sketch of Impedance Tube FD 15556B 
*Ca l ib ra t ion  of t h e  probe tube i s  n e c e s s a r y  t o  account  f o r  t h e  sound 
a t t e n u a t i o n  caused by v i s c o u s  and hea t - conduc t ion  e f f e c t s  t h a t  occur  
i n  t h e  probe tube .  
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f 
ssure Minimum 
Trace of Displacement of Lead S c r e w 1  
Figure  111-4 .  Typ ica l  Impedance Tube Data 8 FD 18287 
Po in t  
Table 111-1. D e s c r i p t i o n  of T e s t  Sample Geometry 
Sample Aper tu re  Open Area Backing 
Th ickness ,  i n .  Diameter,  i n .  R a t i o ,  % Dis tance  , i n .  
0.250 
0.250 
0.250 
0.050 
0.050 
0.078 
1 0  0.50 
5 0.50 
3.06 0.50 
C .  RESULTS 
F o r  a p a r t i c u l a r  r e s o n a t o r ,  t h e  r e l a t i o n s h i p  between sound p r e s s u r e  
and p a r t i c l e  v e l o c i t y  i n  t h e  a p e r t u r e  i s  given by 
2Pi 
gpc [ ( e  + 1) + i x ]  u = 2lrfs = (111 -5) 
An i n c r e a s e  i n  p a r t i c l e  v e l o c i t y  causes  changes i n  t h e  c i r c u l a t i o n  p a t t e r n s  
and tu rbu lence  l e v e l s  i n  the  a p e r t u r e s  of t h e  r e s o n a t o r ,  r e s u l t i n g  i n  a n  
i n c r e a s e  of r e s i s t a n c e .  For sound l e v e l s  g r e a t e r  t han  100 d b ,  t h e  
r e s i s t a n c e  i s  a n o n l i n e a r  f u n c t i o n  of bo th  p a r t i c l e  v e l o c i t y  and sound 
p r e s s u r e  l e v e l .  
I n  an  a t t empt  t o  determine t h e  change i n  n o n l i n e a r  r e s i s t a n c e  w i t h  
h igh  ampli tude sound, t h e  r e s i s t a n c e  was expe r imen ta l ly  de t e rmined ,  and 
the  n o n l i n e a r  c o r r e c t i o n  term, A n e / d ,  was computed u s i n g  e q u a t i o n  (111-4). 
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The Ane/d  term was then c o r r e l a t e d  w i t h  t h e  p r e s s u r e  of t h e  i n c i d e n t  
sound wave; t he  r e s u l t s  a r e  shown i n  f i g u r e  111-5. I t  was found t h a t  
the  l i n e  shown i n  f i g u r e  111-5 could be  expressed by 
0.98 
(111-6) A /d = 1.62(Pi) 
n e  
a n  average d a t a  p o i n t  d e v i a t i o n  of l ess  t h a n  20%. 
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Figure  111-5. Nonlinear  R e s i s t a n c e  Data FD 19156C 
Comparison of t h e  new d a t a  w i t h  t h e  e a r l i e r  r e s u l t s ,  f i g u r e  111-6, 
shows t h a t  c o n s i d e r a b l e  d i f f e r e n c e s  e x i s t .  The new d a t a  do n o t  a g r e e  
w i t h  Inga rd ' s  r e s u l t s  (Reference 3 )  probab ly  because  h i s  experiments  
were conducted u s i n g  on ly  a s i n g l e  r e s o n a t o r ,  whereas t h e  new d a t a  were 
obtained u s i n g  m u l t i p l e  r e s o n a t o r s .  The f a c i n g  c o n f i g u r a t i o n  (and t h e r e -  
f o r e  t h e  a c o u s t i c  r e s i s t a n c e )  of an  a r r a y  of r e s o n a t o r s  i s  q u i t e  d i f f e r e n t  
from t h a t  of a s i n g l e  r e s o n a t o r ,  hence d i f f e r e n c e s  i n  t h e  n o n l i n e a r  
r e s i s t a n c e  d a t a  from each should be  expec ted .  Note i n  f i g u r e  111-6 t h a t  
t h e  s l o p e  of t h e  l i n e  r e p r e s e n t i n g  t h e  P&WA d a t a  i s  approximately t h e  same 
a s  t h a t  of t h e  Ingard c o r r e l a t i o n .  The agreement i n  s l o p e  s u g g e s t s  t h a t  
t h e  turbulence p a t t e r n s  t h a t  produce t h e  n o n l i n e a r  e f f e c t s  a r e  s i m i l a r  f o r  
bo th  s i n g l e  and m u l t i p l e  r e s o n a t o r s ,  and o n l y  t h e  a b s o l u t e  v a l u e  of t h e  
term, f o r  a p a r t i c u l a r  sound l e v e l ,  i s  a f f e c t e d  by the  f a c i n g  c o n f i g u r a t i o n .  
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Figure  111-6. Comparison of Nonlinear FD 19155D 
Cor rec t ion  Data 
The reason  f o r  the  d i f f e r e n c e  between t h e  new d a t a  and t h e  e a r l i e r  
r e s u l t s  of Blackman (Reference 4 )  i s  no t  a s  obvious.  Because of t h e  
l a r g e  s c a t t e r i n g  of t h e  e a r l i e r  da ta  a high degree  of c o r r e l a t i o n  was 
not  ob ta ined ,  and the  d a t a  s c a t t e r  was taken  a s  an  i n d i c a t i o n  t h a t  t h e  
nonl inear  r e s i s t a n c e  i s  a complex func t ion  of many v a r i a b l e s .  However, 
the  new r e s u l t s  do not  e x h i b i t  such d a t a  s c a t t e r ,  and consequent ly  do 
not  conf i rm t h e  e a r l i e r  conclus ion  on t h e  o r i g i n s  of t h e  n o n l i n e a r i t y ,  
The primary d i f f e r e n c e s  i n  t h e  experiments conducted by Blackman and 
those  of t h e  p r e s e n t  work a r e  i n  the t h i c k n e s s e s  of t h e  f a c i n g  samples 
and i n  t h e  method of t a k i n g  d a t a .  Blackman used  s e v e r a l  t h i n  (0.0625 i n . )  
samples and obta ined  d a t a  on ly  a t  the resonant  f requency.  I n  t h e  l a t e r  
exper iments ,  t h r e e  0.250-in.  t h i c k  samples were used ,  and d a t a  were t a k e n  
over  a range of f r equenc ie s  from 4 0 0 . t o  2000 Hz i n  increments  of 400 Hz. 
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i n  f i g u r e  111-7, t h e  c u r v e  of a b s o r p t i o n  c o e f f i c i e n t  v e r s u s  open a r e a  
r a t i o  was found t o  b e  l i n e a r  w i t h  open a r e a  r a t i o  ( i . e . ,  t h e  f a m i l i a r  
be l l - shape  cu rve  was n o t  e x h i b i t e d ) .  F u r t h e r  a n a l y s i s  r e v e a l e d  t h a t  i f  
e q u a t i o n  (111-6) i s  e x t r a p o l a t e d  t o  190 db, t h e  r e s u l t i n g  n o n l i n e a r  
c o r r e c t i o n  t o  t h e  s p e c i f i c  a c o u s t i c  r e s i s t a n c e  f o r c e s  t h e  r e s i s t a n c e  t o  
b e  s e v e r a l  o r d e r s  of magnitude g r e a t e r  t h a n  t h e  r e a c t a n c e ,  and t h e  abso rp -  
t i o n  c o e f f i c i e n t  becomes s imply 
a =  418 
Since  t h e  r e a c t a n c e  terms a r e  n e g l i g i b l e ,  no b e l l - s h a p e  c h a r a c t e r i s t i c s  
can  be evident  i n  t h e  cu rve  of a b s o r p t i o n  c o e f f i c i e n t  w i t h  open a r e a  
r a t i o .  Also, a s  i s  e v i d e n t  i n  e q u a t i o n  111-4, t h e  r e s i s t a n c e  i s  i n v e r s e l y  
p r o p o r t i o n a l  t o  6, t h e  open a r e a  r a t i o ;  t h e r e f o r e ,  f o r  a c o n s t a n t  i n c i d e n t  
p r e s s u r e ,  t h e  a b s o r p t i o n  c o e f f i c i e n t s  w i l l  b e  d i r e c t l y  p r o p o r t i o n a l  t o  6 .  
L 
The p o s s i b i l i t y  remains t h a t  t h e  s c a t t e r  i n  t h e  e a r l i e r  d a t a  was caused 
by extraneous v a r i a b l e s  t h a t  a r e  unique t o  t h i n  a r r a y s  of r e s o n a t o r s  a t  
t h e  resonant  f requency.  
D .  CONCLUSIONS AND RECOMMENDATIONS 
From the  r e s u l t s  of t h e  above experiment i t  i s  concluded t h a t  t h e  
p o r t i o n  of a c o u s t i c  r e s i s t a n c e  due t o  h i g h  i n c i d e n t  sound p r e s s u r e s  c a n  
b e  a c c u r a t e l y  measured and c o r r e l a t e d  w i t h  i n c i d e n t  p r e s s u r e  i n  a form 
u s e f u l  for  abso rb ing  l i n e r  d e s i g n  s t u d i e s .  However, a s  po in t ed  o u t  i n  
References 6 and 10, t h e  i n c i d e n t  p r e s s u r e  ampli tude m u s t  be  assumed f o r  
i n p u t  t o  the  d e s i g n  p rocedure ;  an  a r b i t r a r y  v a l u e  of 190 db has i n  t h e  
p a s t  been recommended f o r  use w i t h  t h e  Blackman d a t a .  
was made of t he  e f f e c t s  of t h a t  recommendation on t h e  a b s o r b i n g  l i n e r  
d e s i g n  process using. t h e  new n o n l i n e a r  r e s i s t a n c e  d a t a .  The a b s o r p t i o n  co- 
e f f i c i e n t s  f o r  t h r e e  of t h e  uncooled l i n e r s  used i n  t h e  Phase I1 t e s t  
program, Reference 6 ,  were r e c a l c u l a t e d .  The r e s u l t i n g  c o e f f i c i e n t s  f o r  
a l l  of the l i n e r s  were found t o  b e  l e s s  t h a n  2% and,  fu r the rmore ,  a s  shown 
An i n v e s t i g a t i o n  
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Absorption Coefficient 
Based on Blackman Data 
Absorption Coefficient Based on 
P&WA Nonlinear Reaiatance 
OPEN AREA RATIO 
F i g u r e  111-7. Comparison o f  Design Theories  FD 15225B 
With Assumed Inc iden t  P r e s s u r e  
of 190 db 
The r e s u l t s  of t h e  t e s t  of 
( a l s o  r e p o r t e d  i n  Reference 6 )  
d i d  e x h i b i t  r e sonan t  c h a r a c t e r  
l i n e r s  w i t h  h igh  open a r e a  r a t i o s  
i n d i c a t e d  t h a t  t h e  uncooled l i n e r s  
s t i c s .  I t  i s  t h e r e f o r e  concluded t i a t  
t he  assumption of 190 db f o r  t h e  i n c i d e n t  p r e s s u r e  f o r  use i n  equa- 
t i o n  (111-6) i s  much t o o  high and the new n o n l i n e a r  d a t a  c o r r e l a t i o n  
should not  be e x t r a p o l a t e d .  I n s t e a d ,  an  i n c i d e n t  p r e s s u r e  of 171  db 
(150 l b f / f t 2 )  o r  l ess  m u s t  be  assumed. 
c o e f f i c i e n t  of a p a r t i c u l a r  d e s i g n  should be checked over  a range of 
i n c i d e n t  p r e s s u r e  l e v e l s  a s  i t  i s  now done t o  i n v e s t i g a t e  t h e  frequency 
r e sponse  c h a r a c t e r i s t i c s  of a l i n e r .  
I n  a d d i t i o n ,  t h e  a b s o r p t i o n  
The assumed i n c i d e n t  p r e s s u r e  now c o n s t i t u t e s  t h e  g r e a t e s t  u n c e r t a i n i t y  
i n  t h e  l i n e r  d e s i g n  procedure.  It i s  recommended t h a t  a d d i t i o n a l  r e s e a r c h  
be conducted i n  an a t t empt  t o  v e r i f y  o r  improve t h e  assumption.  
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SECTION I V  
SIMULTANEOUS FLOW ANALYSIS 
A .  INTRODUCTION 
An abso rb ing  l i n e r  c o n s i s t s  of a p e r f o r a t e d  c y l i n d r i c a l  element t h a t  
is c o n c e n t r i c  t o ,  and s e p a r a t e d  from, t h e  combustion chamber p r e s s u r e  s h e l l  
by suppor t  r i n g s .  Absorbing l i n e r s  m u s t ,  i n  many c a s e s ,  be  designed 
f o r  s i t u a t i o n s  i n  which t h e r e  i s  a n e t  f l ow of gas  through,  a s  w e l l  
a s  p a s t ,  t h e  r e s o n a t o r  a p e r t u r e s  (see f i g u r e  IV-1). This  c o n d i t i o n  
(simultaneous flow) occurs  i n  rocke t  engines  t h a t  have sma l l  c o n t r a c t i o n  
r a t i o s  and /o r  t ape red  combus t i o n  chambers because t h e  chamber p r e s s u r e  
dec reases  r a p i d l y  a long  t h e  l i n e r  a x i s .  
-Chamber-% - - - - 
Gas Flow Perforated Cylindrical 
Chamber Shell2 
F i g u r e  I V - 1 .  Absorbing Liner  With FD 23051 
Simultaneous Flow Condit ions 
A t  p r e s e n t ,  no s a t i s f a c t o r y  theory is a v a i l a b l e  f o r  des ign ing  a n  
a b s o r b i n g  l i n e r  t h a t  i s  s u b j e c t e d  t o  s imultaneous f lows.  Data from co ld -  
f low t e s t s  were needed b e f o r e  a comprehensive theo ry  could be developed;  
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t h e r e f o r e ,  a se r ies  of impedance tube t e s t s  was conducted t o  i n v e s t i g a t e  
t h e  e f f e c t  of s imultaneous flow on t h e  a c o u s t i c  p r ' ope r t i e s  of a b s o r b i n g  
l i n e r s .  
I n  t h e  previous y e a r ' s  e f f o r t ,  a s e r i e s  of impedance tube  t e s t s  
was conducted t o  i n v e s t i g a t e  t h e  e f f e c t s  of f low p a s t  t he  a p e r t u r e s  
on t h e  a c o u s t i c  p r o p e r t i e s  of l i n e r s .  I n  a second s e r i e s  of t e s t s ,  t he  
e f f e c t s  of f low through t h e  a p e r t u r e s  were determined e x p e r i m e n t a l l y .  
The r e s u l t s  of bo th  experiments  a r e  r e p o r t e d  i n  Reference 6 .  The 
s imultaneous flow experiment r e q u i r e d  t h e  use of a more s o p h i s t i c a t e d  
flow ins t rumen ta t ion  system than t h a t  used i n  t h e  p rev ious  two expe r imen t s .  
The u s e  of t h e  new i n s t r u m e n t a t i o n  s i g n i f i c a n t l y  reduced t h e  s c a t t e r  i n  
t h e  d a t a ;  t h e r e f o r e ,  t h e  f low-past  and t h e  flow-through experiments  were 
r epea ted ,  and t h e  d a t a  were used t o  form more p r e c i s e  c o r r e l a t i o n s  of t h e  
a c o u s t i c  r e s i s t a n c e  w i t h  f low than  t h o s e  r e p o r t e d  i n  Reference 6.  
B. TEST PROCEDURE 
The f i r s t  t e s t s  were conducted i n  an  a t t e m p t  t o  determine t h e  e f f e c t s  
of simultaneous flow on a c o u s t i c  r e s i s t a n c e  ; however, a n a l y s i s  of r e s u l t s  
showed a h igh  degree  of d a t a  s c a t t e r .  F u r t h e r  s tudy  of t h e  d a t a  r e v e a l e d  
t h a t  t he  system f o r  measuring f low v e l o c i t i e s  was inadequate  and t h a t  t h e  
v a l u e s  used t o  r e p r e s e n t  f low c o n d i t i o n s  were p o s s i b l y  i n  e r r o r .  
f o r e ,  the  fo l lowing  a l t e r a t i o n s  t o  t h e  impedance f a c i l i t y  were made 
( r e f e r  t o  f i g u r e  IV-2): 
There-  
1. P i t o t  tubes were i n s t a l l e d  i n  p l a c e  of t h e  K i e l  probe t u b e s .  
By u s i n g  t h e  p i t o t  t ube ,  t h e  r a t i o  of s t a t i c - t o - t o t a l  
p r e s s u r e  could be h e l d  c o n s t a n t  , and the reby  c o n s t a n t  f low- 
p a s t  Mach numbers could be ma in ta ined .  Also,  t h e  e f f e c t  o f  
compressible  gas flow was t a k e n  i n t o  accoun t .  
A s t a t i c  p r e s s u r e  t a p  was l o c a t e d  upstream of t h e  sample.  
By measuring t h e  s t a t i c  p r e s s u r e s  upstream of t h e  sample 
and i n  t h e  d u c t ,  t h e  d rop  i n  p r e s s u r e  a c r o s s  t h e  a p e r t u r e s  
was known. 
t h e  h y d r a u l i c  d i s c h a r g e  c o e f f i c i e n t  of t h e  a p e r t u r e s  cou ld  
be  c a l c u l a t e d  : 
2.  
From t h e  fo l lowing  e q u a t i o n  (Reference 7 1 ,  
The t e r m ,  Y 1 ,  t a k e s  i n t o  accoun t  t h e  e f f e c t  o f  compress ib l e  
gas  flow t o  t h e  a p e r t u r e s .  
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3 .  C a l i b r a t e d  flow o r i f i c e s  were i n s t a l l e d  i n  bo th  n i t r o g e n  
supp ly  l i n e s  ( s e e  f i g u r e  IV-3). 
l i n e  t o  t h e  d r i v e r  s ensed  t h e  flow pass ing  through a p e r t u r e s  
when t h e  b l eed  p ipes  were s h u t ,  a l l o w i n g  no f low t o  
escape.  
and t h e  h y d r a u l i c  d i s c h a r g e  c o e f f i c i e n t ,  t h e  f low v e l o c i t y  
through t h e  a p e r t u r e s  could be  c a l c u l a t e d .  
from t h e  o r i f i c e  i n  t h e  duct  supp ly  l i n e  and t h e  s t a t i c  
pressure t a p  on t h e  p i t o t  tube ,  t h e  average v e l o c i t y  p a s t  
t he  a p e r t u r e s  was determined. 
The o r i f i c e  i n  t h e  supp ly  
Knowing t h e  f low suppl ied t o  t h e  sample a p e r t u r e s ,  
Using d a t a  
GN- Exhaust 
L 
-Total Pressure Probe 
-Static  Pressure Tap 
GN Flow from Sample 
S o h d  Source 
-Total Pressure Probe 
-Static  Pressure ~ a p  
Impedance Tube 
GN2 Secondary F l o w  Entrance 
F i g u r e  I V - 2 .  Simultaneous Flow Apparatus FD 20129 
GN2 Flow To Sound Source 
w Sound Source 
Static Pressure Tap 
Traversing 
Flow Entrance 
Tube 
F i g u r e  IV-3. Simultaneous Flow Apparatus FD 21980 
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I n  a d d i t i o n ,  an  experiment  was performed t o  de te rmine  what e f f e c t s  
t h e  v e l o c i t y  g r a d i e n t  i n  t h e  f l ow d u c t  had on t h e  measured v e l o c i t y .  
R e s u l t s  i n d i c a t e d  t h a t  t h e  average  v e l o c i t y  i n  t h e  d u c t  was 85% of t h e  
maximum ve loc i ty ,wh ich  occurred  i n  t h e  c e n t e r  of t h e  d u c t .  E i t h e r  t h e  
maximum or  average v e l o c i t y  could be  u s e d  i n  d a t a  c o r r e l a t i o n s .  
a r b i t r a r i l y  dec ided  t h a t  a l l  c o r r e l a t i o n s  of d a t a  wi th  f low-pas t  would 
be based on t h e  average  v e l o c i t y  i n  t h e  d u c t .  
I t  was 
The f low-past  and flow-through experiments  were r e p e a t e d  i n  a n  
a t t e m p t  t o  improve the  d a t a  p r e c i s i o n  over  t hose  r e p o r t e d  i n  Reference 6.  
The e f f e c t s  of f low-pas t  on ly  on t h e  r e s i s t a n c e  of t h e  sample were f i r s t  
determined.  Average v e l o c i t i e s  p a s t  t h e  a p e r t u r e s  were s e t  a t  0 ,  100,  
200, 300, 4 0 0 ,  500, and 600 f t / s e c .  The e f f e c t s  of f low through t h e  
a p e r t u r e s  on t h e  r e s i s t a n c e  of t h e  sample were t h e n  de termined .  Average 
v e l o c i t i e s  through t h e  a p e r t u r e s  were s e t  a t  2 0 0 ,  300, 4 0 0 ,  500, and 
600 f t / s e c .  
F i n a l l y ,  t h e  e f f e c t s  o f  s imultaneous flow on t h e  r e s i s t a n c e  of  t h e  
sample were de termined .  The flow v e l o c i t i e s  p a s t  the  a p e r t u r e s  were s e t  
a t  seven d i f f e r e n t  v a l u e s :  3 3 ,  5 3 ,  7 5 ,  8 4 ,  9 8 ,  2 7 8 ,  and 4 9 0  f t / s e c .  A t  
each o f  t h e s e  s e t t i n g s  flow-through v e l o c i t i e s  were s e t  a t  approximate ly  
10 ,  2 5 ,  50,  100, 2 0 0 ,  3 0 0 ,  and 4 0 0  f t / s e c .  
A l l  f low tes ts  were conducted u s i n g  a sample having  a nominal open 
a r e a  r a t i o  of 10.8%, th i ckness  of  0.250 i n . ,  and a p e r t u r e  d iameter  of 
0.052 i n .  Resu l t s  of i n i t i a l  t e s t s  i n d i c a t e d  t h a t  changes i n  f requency 
had no s i g n i f i c a n t  e f f e c t  on t h e  change i n  a c o u s t i c  r e s i s t a n c e  w i t h  
f low; t h e r e f o r e  a l l  t e s t s  were made a t  one f requency  (800 Hz). Through- 
out  a l l  of t h e  f low exper iments ,  a c o n s t a n t  t o t a l  sound p r e s s u r e  l e v e l  
of 160 db was maintained a t  t h e  sample f a c e .  
C .  RESULTS 
R e s u l t s  of t he  f low-past and f low-through exper iments  a r e  shown i n  
f i g u r e s  IV-4 through I V - 7 ,  i n  which t h e  r a t i o  of t h e  a c o u s t i c  r e s i s t a n c e  
wi th  flow t o  t h a t  w i t h  no flow has  been c o r r e l a t e d  wi th  both  t h e  v e l o c i t y  
and Mach number. The r e s u l t s  show t h a t  when e i t h e r  t ype  of flow is  
p resen t  t h e  a c o u s t i c  r e s i s t a n c e  of  t h e  sample v a r i e s  i n  d i r e c t  p r o p o r t i o n  
t o  t h e  v e l o c i t i e s .  From t h e  d i f f e r e n c e s  i n  s l o p e s  between f i g u r e s  IV-4 
I V - 4  
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Figure  IV-6. R e s i s t a n c e  Ra t io  as a FD 2198% 
Func t ion  of Gas V e l o c i t y  
Through The Apertures  
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F i g u r e  IV-7. Res i s t ance  Rat io  vs  Mach 
Number, Flow -Through 
Aper tures  
FD 21983B 
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Figure I V - 8 .  R e s u l t s  of Simultaneous 
Flow Experiment 
FD 2198111 
It i s  p o s s i b l e  t h a t  p r e c i s e  a c o u s t i c  r e s i s t a n c e  d a t a  wi th  low 
simultaneous f lows can be ob ta ined ;  however, a much more s o p h i s t i c a t e d  
f low c o n t r o l  system than  t h e  one p r e s e n t l y  a v a i l a b l e  would be  necessa ry .  
The e f f e c t s  of s imul taneous  f lows w i t h  low gas  v e l o c i t i e s  p a s t  (Mach 
number l e s s  than  0.10) a r e  only  of secondary importance t o  d e s i g n e r s  of 
absorbing l i n e r s  f o r  r o c k e t  motors;  t h e r e f o r e ,  i t  i s  not  be l i eved  t h a t  
f u r t h e r  a t t empt s  t o  o b t a i n  a c o u s t i c  d a t a  i n  t h i s  f l o w  regime a r e  war ran ted .  
D . RECOMMENDATIONS 
Based on t h e  r e s u l t s  of t h e  flow experiments  t h e  fo l lowing  recommenda- 
t i o n s  a r e  made: 
1. For  t h e  d e s i g n  of absorb ing  l i n e r s  s u b j e c t e d  t o  s imul taneous  
flows, t h e  i n c r e a s e  i n  r e s i s t a n c e  due t o  flow should  be com- 
puted a s  i f  on ly  flow-through were p r e s e n t .  
t h e  equat ions  r e l a t i n g  t h e  i n c r e a s e  i n  r e s i s t a n c e  t o  Mach 
number should  be used .  
2 .  To p r e d i c t  t h e  r e s i s t a n c e  wi th  gas  flows o t h e r  t han  a i r ,  
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SECTION V 
IMPROVEMENT OF ABSORPTION CHARAC TERIS T ICs 
A .  GENERAL 
Combustion i n s t a b i l i t y  i n  a rocke t  motor can  occur  over  t h e  wide 
range of f r e q u e n c i e s  t h a t  correspond t o  t h e  pure o r  combined modes 
of t h e  combustion chamber. The a b s o r p t i o n  c h a r a c t e r i s t i c s  of  a n  o p t i -  
mum a c o u s t i c  l i n e r  des igned  f o r  a t y p i c a l  oxygen-hydrogen r o c k e t  motor 
are shown i n  f i g u r e  V - 1 .  Each of the  p o s s i b l e  modes o f  i n s t a b i l i t y  i s  
i n d i c a t e d  by b a r s  a t  t h e  bottom of t h e  f i g u r e .  Even w i t h  an  opt imized 
d e s i g n  t h e  a b s o r p t i o n  c o e f f i c i e n t  i s  ex t remely  s e n s i t i v e  t o  f requency  
and dec reases  r a p i d l y  on e i t h e r  s i d e  of t h e  r e sonan t  f requency.  S ince  
i n s t a b i l i t y  can occur  i n  any o f  t h e  p o s s i b l e  modes, t h e  i d e a l  l i n e r  
should  have a n  a b s o r p t i o n  c o e f f i c i e n t  t h a t  is independent  of f requency 
and has  a v a l u e  nea r  loo"/,. I f  t h e  bandwidth c h a r a c t e r i s t i c s  o f  a t y p i c a l  
l i n e r  w i th  c i r c u l a r  a p e r t u r e s  a r e  improved, t h e  maximum v a l u e  o f  t h e  
a b s o r p t i o n  c o e f f i c i e n t  is  u s u a l l y  reduced s i g n i f i c a n t l y .  The o b j e c t i v e  
of t h e  work r epor t ed  h e r e i n  w a s  t o  expe r imen ta l ly  e v a l u a t e  methods of 
i n c r e a s i n g  t h e  a b s o r p t i o n  of  a c o u s t i c  l i n e r s  and extend t h e  a b s o r p t i o n  
c a p a b i l i t y  over  a wider  range of f r equenc ie s .  Two b a s i c  approaches t o  
t h e  problem were s e l e c t e d .  The f i r s t  w a s  t o  e v a l u a t e  t h e  f e a s i b i l i t y  of  
i n t e g r a t i n g  d i f f e r e n t  r e s o n a t o r  c o n f i g u r a t i o n s  i n t o  one d e s i g n .  This 
approach w a s  an  a t t empt  t o  produce m u l t i p l e  r e sonan t  f r equenc ie s  and ,  
t h e r e f o r e ,  maximum damping c a p a b i l i t y  f o r  t h e  v a r i o u s  modes of i n s t a -  
b i l i t y .  The second approach was d i r e c t e d  toward improving a b s o r p t i o n  
c a p a b i l i t y  of t h e  s i n g l e  r e s o n a t o r  c o n f i g u r a t i o n ,  which was t o  be 
accomplished through r edes ign  of the  r e s o n a t o r s  and through usage  of 
v a r i o u s  porous materials.  
B. LINER WITH DIFFERENT CAVITY VOLUMES 
Absorbing l i n e r s  of  t h e  Helmholtz a r r a y  type  a r e  u s u a l l y  des igned  
w i t h  t h e  same c a v i t y  volume f o r  each r e s o n a t o r .  With such a d e s i g n ,  
resonance  and t h e r e f o r e  peak abso rp t ion  can occur  a t  o n l y  one frequency.  
However, a l i n e r  can be cons t ruc t ed  wi th  s e v e r a l  d i f f e r e n t  c a v i t y  volumes 
SO t h a t ,  t h e o r e t i c a l l y ,  resonance occurs  a t  more than  one frequency.  
That i s ,  t h e  l i n e r  can be "tuned" s o  t h a t  good a b s o r p t i o n  is ob ta ined  a t  
a l l  t h e  dominant f r equenc ie s  of a p a r t i c u l a r  combustion chamber. 
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Liner Designed for Oxygen-Hydrogen Propellants 
I l l 1  
Possible Instability Mode? 
T - Tangential t 
L - Longitudinal 
1 2  3 4 5 6 7 8 9 10 11 1 2 1 3  14 1 5 1 6  
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Figure  V - 1 .  R e s u l t s  of L ine r  Design Study FD 14206B 
To i n v e s t i g a t e  t h e  technique  expe r imen ta l ly ,  t h e  fou r  l i n e r  samples 
descr ibed  i n  t a b l e  V - 1  were f a b r i c a t e d  and t e s t e d  i n  t h e  impedance tube .  
Table  V - 1 .  L ine r  Samples ( D i f f e r e n t  Cavi ty  Volumes) 
Sample Number Design Frequency - Hz Backing Di s t ance  - i n .  
1 
2 
3 
4 
2000 
1600 
1200 
2000, 1600, 1200 
0.255 
0.399 
0.710 
0.255, 0.399, 0.710 
Each sample w a s  0.250-in.  t h i c k  and had an  open a r e a  r a t i o  of 3%, 
wi th  a p e r t u r e s  of 0 .07-in.  d i ame te r .  
used t o  supply  c o n t r o l  d a t a ,  were conven t iona l  Helmholtz r e s o n a t o r s  
(see f i g u r e  V-2), each des igned  f o r  maximum a b s o r p t i o n  a t  t h e  p a r t i c u l a r  
frequency l i s t e d  i n  t a b l e  v-1. Sample No. 4 had t h r e e  d i f f e r e n t l y  s i z e d  
backing c a v i t y  volumes ( s e e  f i g u r e  v-2) t h a t  were des igned  S O  t h a t  one- 
t h i r d  of t h e  r e s o n a t o r s  would be a t  resonance  a t  each  of  t h e  d e s i g n  
f requencies .  
No. 4 i s  shown i n  f i g u r e  V - 3 .  
p l a t e  fo r  sample No. 4 is shown i n  f i g u r e  V-4. 
Samples No. 1 through 3 ,  which were 
A t y p i c a l  c a v i t y  volume p l a t e  f o r  samples No. 1 through 
The combinat ion c a v i t y  volume and backing 
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Apertures 
Facing Plate 
Cavity Volume 
Plate 
Backing Plate 
Helmholtz Resonator Control Sample 
Apertures 
7 Facing Plate 
Resonant Sample With 
Different Cavity Volumes 
F i g u r e  V-2. Helmholtz and Composite 
Volume Samples 
- Cavity Volume 
Plate 
Combined Cavity 
Volume and 
Backing Plate 
FD 23132 
F i g u r e  V - 3 .  Cavi ty  Volume P l a t e  fo r  
Sample No. 2 
FE 60842 
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F igure  V - 4 .  Combination Cavi ty  Volume 
and Backing P l a t e  f o r  
Sample No. 4 
FE 6 0 8 4 6  
A series of t es t s  was conducted a t  a c o n s t a n t  SPL of  134 db t o  de te rmine  
t h e  bandwidth performance of each sample.  The d a t a  from samples No. 1 
through 3 were compared w i t h  t h o s e  from sample N o .  4 .  The r e s u l t s  a r e  
shown i n  f i g u r e  V - 5 .  Note t h a t  t h e  bandwidth performance of t h e  com- 
p o s i t e  sample (No. 4 )  i s  s i g n i f i c a n t l y  b e t t e r  t h a n  t h a t  of t h e  c o n t r o l  
samples ,  i . e . ,  t h e  combinat ion c a v i t y  volume sample h a s  a n  a b s o r p t i o n  
c o e f f i c i e n t  t h a t  is  a lmost  c o n s t a n t  over  t h e  d e s i g n  r e s o n a n t  f requency  
range .  A t  some f r e q u e n c i e s  t h e  composite sample h a s  h i g h e r  a b s o r p t i o n  
v a l u e s  than any of t h e  c o n t r o l  samples due t o  a superimposing e f f e c t  p ro-  
duced by more t h a n  one t y p e  of a b s o r b e r  o p e r a t i n g  a t  t h a t  f requency.  
Normally, t h e  composi te  sample a b s o r p t i o n  i n  a p a r t i c u l a r  f requency range 
is  inf luenced  most by t h e  r e s o n a t o r  t y p e  most e f f e c t i v e  w i t h i n  t h a t  r a n g e .  
The r e s u l t s  of  t h e  t e s t s  i n d i c a t e  t h a t  t h e  bandwidth of  a l i n e r  can 
be s i g n i f i c a n t l y  improved by t u n i n g  t h e  r e s o n a t o r s  f o r  t h e  d e s i r e d  
f r e q u e n c i e s .  Although t h e  composi te  sample was tuned f o r  o n l y  t h r e e  
f r e q u e n c i e s ,  i t  may be concluded t h a t  u s i n g  t h e  s a m e  t e c h n i q u e  a l i n e r  
could  be designed t o  provide  s u f f i c i e n t  a b s o r p t i o n  v a l u e s  over  a wide 
band of f requencies  . 
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Performance 
F i g u r e  V-5. R e s u l t s  of Bandwidth Ana lys i s  FD 18286 
f o r  Sample With D i f f e r e n t  
Cavi ty  Volumes 
C. HIGH-RESISTANCE APERTURES 
One type of h i g h - r e s i s t a n c e  a p e r t u r e  is a conven t iona l  Helmholtz 
r e s o n a t o r  w i th  a porous m a t e r i a l  i n s e r t e d  immediately behind t h e  sample. 
The porous mater ia l  i n c r e a s e s  the  a p e r t u r e  r e s i s t a n c e  and d i s s i p a t e s  
a d d i t i o n a l  energy wh i l e  p o s s i b l y  i n c r e a s i n g  t h e  bandwidth c h a r a c t e r i s t i c s  
of t h e  system. 
To t es t  t h e  c o n c e p t ,  F e l t m e t a l  samples were i n s t a l l e d  behind s t a n d a r d  
r e s o n a t o r  a r r a y  samples  and t h e  a b s o r p t i o n  c o e f f i c i e n t s  of the a s sembl i e s  
were measured. The r e s o n a t o r  samples a l o n e  were t e s t e d  f i r s t  w i t h  a 
0 .500- in .  c a v i t y  t o  o b t a i n  c o n t r o l  d a t a .  The samples were then t e s t e d  
w i t h  t h e  0 .250- in . - th i ck  F e l t m e t a l  p l a t e s  i n s t a l l e d  immediately behind 
them and s e p a r a t e d  from t h e  rear of  the c a v i t y  by 0.250 i n .  I n  t a b l e  V-2  
a d e s c r i p t i o n  of t h e  r e sonan t  samples is g iven .  Three F e l t m e t a l  p l a t e s  
w i t h  d e n s i t i e s  of 10,  20, and 30"1, were used w i t h  each r e s o n a t o r  sample. 
A t o t a l  of 2 0  t e s t s  was conducted; che f requency  range was 400 t o  2000 Hz 
f o r  each t e s t .  
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T a b l e  V - 2 .  D e s c r i p t i o n  of Resonant Samples 
Sample Number Aper ture  Diameter - Thickness - Open Area Rat i o  - 
i n .  i n .  % 
0.052 
0.052 
0.052 
0.070 
0.0995 
0.0625 
0.125 
0.250 
0.250 
0.250 
1 . 2  
1 . 2  
5 .34 
5 .34  
5 .34  
Experimental  r e s u l t s  a r e  shown i n  f i g u r e s  V-6 through V-10 i n  which 
t h e  a b s o r p t i o n  c o e f f i c i e n t s  have been graphed ve r sus  f requency .  The 
two samples wi th  t h e  lowes t  open area r a t i o ,  1.2% ( f i g u r e s  V-6 and V-7) 
a r e  seen t o  have f l a t  frequency r e sponse  c h a r a c t e r i s t i c s  w i t h  each 
of t h e  porous p l a t e s  i n s t a l l e d ;  however, t h e  maximum a b s o r p t i o n  c o e f f i -  
c i e n t s  a r e  much lower than those  of t h e  r e s o n a t o r  a l o n e .  Apparent ly ,  
t h e  combination of  low sample open a r e a  r a t i o  f o r  t h e  r e s o n a n t  sample and 
h igh  d e n s i t y  F e l t m e t a l  backing plates  a c t e d  e f f e c t i v e l y  as a s o l i d  f a c i n g  
t o  t h e  inc iden t -p l ane  sound wave. The impedance of t h e  r e s o n a t o r  assembly, 
t h e r e f o r e ,  c o n s i s t e d  p r i n c i p a l l y  of the  o r i f i c e  r e s i s t a n c e  and t h e  con- 
t r i b u t i n g  porous p l a t e  r e s i s t a n c e  term. These l a r g e l y  r e s i s t i v e  con- 
f i g u r a t i o n s  approached i n  t h e o r y  a s o l i d  w a l l  c o n f i g u r a t i o n  t h a t  posses ses  
a n  i n f i n i t e  r e s i s t a n c e  and ze ro  a c o u s t i c  a b s o r p t i o n .  
The d a t a  from the  samples wi th  5.34% open a r e a  a r e  shown i n  f i g u r e s  V - 8 ,  
V-9, and V-10. Again the two h i g h e s t  d e n s i t y  porous p l a t e  a s sembl i e s  
(20 and 3VX) s i g n i f i c a n t l y  reduced a b s o r p t i o n  c o e f f i c i e n t  ampl i tude .  The 
r educ t ion  was of such a degree  t h a t  no bandwidth performance could  be 
r e a l i z e d .  Again t h e  r e s i s t a n c e  has  become t h e  dominating t e r m  of  the  
equ iva len t  impedance, r e s u l t i n g  i n  s m a l l  a b s o r p t i o n  v a l u e s .  However , 
s i g n i f i c a n t  resu l t s  were o b t a i n e d  from t h e  l e s s  dense porous p l a t e  (loo/,) 
combined with t h e  5.34% open a r e a  r e s o n a t o r  sample. Absorp t ion  ampl i -  
t udes  approached those  of t h e  c o n t r o l  sample and an improved bandwidth 
performance w a s  ob ta ined  over  t h e  f requency  r ange .  
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F igure  V-6. Absorp t ion  vs  Frequency 
f o r  Resonant Sample No. 1 
and High-Resistance Aper ture  
Samples 
DF 59559 
F igure  V-7. Absorpt ion vs Frequency For  DF 59560 
Resonant Sample No. 2 and High- 
R e s  is  t ance  Aperture  Samples 
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F igure  V - 8 .  Absorpt ion vs Frequency f o r  DF 59561 
Resonant Sample No. 4 and 
High -Res  is t anc e Aper t u r  e Samples 
F igu re  V-9. Absorpt ion vs  Frequency f o r  
Resonant Sample No. 5 and 
High - R e s  i s  t a n c e  Aper tu re  
Samples. 
DF 59562 
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F i g u r e  V-10. Absorp t ion  v s  Frequency DF 59563 
f o r  Resonant Sample No. 6 
and High -Res is tance Aper ture  
Samples 
The r e s u l t s  from t h i s  s e r i e s  of t es t s  i n d i c a t e  t h a t  h igh  r e s i s t a n c e  
a p e r t u r e s  cons t ruc t ed  of convent iona l  r e s o n a t o r  a r r a y s  and porous back- 
ing  p l a t e s  do a f f e c t  t o t a l  a b s o r p t i o n  va lues  and bandwidth performance. 
The combination of low r e s o n a t o r  open a r e a  and h igh  d e n s i t y  backing 
p l a t e s  o f f e r s  no s i g n i f i c a n t  improvement over  t h e  r e sonan t  a r r a y  by 
i t s e l f .  However, a lower d e n s i t y  backing p l a t e  combined w i t h  l a r g e r  
open a r e a s  does o f f e r  improved bandwidth performance w i t h  a s l i g h t  
s a c r i f i c e  i n  a b s o r p t i o n  c o e f f i c i e n t  ampl i tude .  
D .  NONRESONANT ABSORBERS I N  THE FORM OF CONVENTIONAL RESONATORS 
A conven t iona l  r e sonan t  absorber  can be desc r ibed  a s  a n  a r r a y  of 
Helmholtz r e s o n a t o r s ;  a nonresonant abso rbe r  is  d e f i n e d  as a porous 
abso rbe r  ( o t h e r  than a p e r f o r a t e d  p l a t e )  t h a t  has a backing volume. The 
a c o u s t i c  r e s i s t a n c e  of a nonresonant l i n e r  can  be c o n t r o l l e d  by changes 
i n  w i r e  s i z e  and p o r o s i t y  thus vary ing  the  a c o u s t i c  a b s o r p t i o n  c o e f f i -  
c i e n t .  The a b s o r p t i o n  c h a r a c t e r i s t i c s  can p o s s i b l y  be f u r t h e r  improved 
by d r i l l i n g  conven t iona l  a p e r t u r e s  i n  nonresonant samples.  To e v a l u a t e  
t h e  scheme nonresonant porous samples were c o n s t r u c t e d  of Rigimesh 
m a t e r i a l  and t e s t e d  i n  t h e  impedance t u b e .  Table V-3 g ives  a complete 
d e s c r i p t i o n  of each sample ;  a t y p i c a l  sample is shown i n  f i g u r e  V - 1 1 .  
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Table  V - 3 .  D e s c r i p t i o n  of Rigimesh Samples 
Sample Rigimesh Aper ture  Sample Thickness - Open Area - 
Number R a t i n g  - Diameter - i n .  70 
scfm i n .  
1 A  3 0  0.052 
2A 3 0  0.052 
4A 300 0.952 
5A 3 00 0.070 
6A 15 0 0.0995 
0.0625 1 . 2  
0.125 1 . 2  
0.25 5 -34  
0.25 5.34 
0.25 5.34 
Cont ro l  d a t a  used a s  a b a s i s  f o r  comparison were o b t a i n e d  from 
s t a n d a r d  r e s o n a n t  samples w i t h  i d e n t i c a l  open a r e a  r a t i o s  and a p e r t u r e  
t h i c k n e s s e s .  A l l  tes ts  were conducted w i t h  a c o n s t a n t  backing depth  of 
0.500 i n .  
F i g u r e  V - 1 1 .  L i n e r  Sample No. 5A FE 60714 
The r e s u l t s  of t h e  impedance tube t e s t s  a r e  shown i n  f i g u r e s  V - 1 2  
through V-16. For each s e t  of t e s t s  t h e  maximum a b s o r p t i o n  ampl i tude  
remained c o n s t a n t  between t h e  nonresonant and c o n t r o l  samples .  
o n l y  a s l i g h t  improvement i n  bandwidth c h a r a c t e r i s t i c s  i s  n o t e d ,  t h e  
Although 
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f requency  a t  which t h e  peak abso rp t ion  occurred  was s h i f t e d  t o  a lower 
f requency  w i t h  one of t h e  samples (see f i g u r e  V-13). The frequency 
s h i f t  was observed o n l y  wi th  the  300-scfm Rigimesh samples.  The s h i f t  
i n  r e s o n a n t  frequency t o  a lower value is  impor tan t  f o r  the  fo l lowing  
r e a s o n :  i n  t h e  d e s i g n  of abso rbe r s  f o r  t h e  s u p p r e s s i o n  of low f requency  
i n s t a b i l i t y  ( i . e . ,  l e s s  than 800 H z ) ,  i t  is  u s u a l l y  d i f f i c u l t  t o  match 
t h e  r e s o n a n t  frequency of t h e  l i n e r  assembly w i t h  t h a t  of t h e  i n s t a b i l i t y  
because t h e  l a r g e  c a v i t y  volumes t h a t  are  r e q u i r e d  a r e  n o t  u s u a l l y  
a v a i l a b l e .  The use  of a nonresonant a b s o r b e r  w i t h  a p e r t u r e s  (so t h a t  t h e  
r e s o n a n t  frequency is dec reased )  would be a means t o  a l l e v i a t e  t h e  
problem. 
F i g u r e  V - 1 2 .  Absorp t ion  vs  
Frequency f o r  Resonant 
Sample and Rigimesh 
Sample No. 1A 
DF 59564 
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Figure  V-13. Absorp t ion  vs Frequency 
f o r  Resonant Sample 
and Rigimesh Sample No. 2A 
DF 59565 
Figure  V-14. Absorp t ion  vs Frequency 
f o r  Resonant Sample and 
Rigimesh Sample No. 4A 
DF 59566 
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F i g u r e  V-15. Absorp t ion  vs  Frequency 
f o r  Resonant Sample and 
Rigimesh Sample No. 5A 
DF 59567 
F i g u r e  V-16. Absorp t ion  vs Frequency 
f o r  Resonant Sample and 
Rigimesh Sample N O .  6A 
DF 59568 
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E .  DIMPLED RESONATORS 
A dimpled sample  is a conven t iona l  r e s o n a t o r  c o n f i g u r a t i o n  i n  which 
t h e  a p e r t u r e s  have been punched o r  lengthened  t o  i n c r e a s e  t h e  e f f e c t i v e  
l e n g t h .  Two advantages a r e  expected t o  r e s u l t  from u s i n g  t h e  dimpled 
s a m p l e  concept. 
should have t h e  same resonan t  p r o p e r t i e s  as a sample  w i t h  a t h i c k n e s s  
equa l  t o  t h e  a p e r t u r e  l e n g t h  of t h e  dimple.  The second p o s s i b l e  advantage 
would r e s u l t  i n  the changes of t h e  r e s o n a t o r ' s  a c o u s t i c  p r o p e r t i e s  t h a t  
occur  by p l a c i n g  a backing p l a t e  a t  v a r i o u s  d i s t a n c e s  from the  dimple 
e x i t .  T h e o r e t i c a l l y ,  a d u a l - o r i f i c e  e f f e c t  t h a t  would change t h e  
r eac t ance  of  t h e  c o n f i g u r a t i o n  and a l t e r  i t s  r e sonan t  p r o p e r t i e s  can 
be c rea t ed  w i t h i n  the c a v i t y  when t h e  gap between t h e  p l a t e  and t h e  
a p e r t u r e  i s  sma l l .  
The f i r s t  i s  a weight advantage  s i n c e  a dimpled a r r a y  
To eva lua te  the  dimpled r e s o n a t o r  concep t ,  a 4.5% open a r e a  sample wi th  
a 0.030-in. w a l l  t h i c k n e s s  and 0 .108- in . - long  dimples w a s  f a b r i c a t e d  and 
t e s t e d  (see f i g u r e  V - 1 7 ) .  Table V - 4  shows t h e  geomet r i ca l  c o n f i g u r a t i o n s  
cons idered  and the v a r i o u s  d i s t a n c e s  t h e  p l a t e  was p laced  from t h e  dimple e x i t .  
Resu l t s  of t h e  impedance tube tes ts  a re  shown i n  f i g u r e s  V - 1 8  through 
V-20. The backing depth  was v a r i e d ,  w i th  a l l  o t h e r  r e s o n a t o r  dimensions 
h e l d  c o n s t a n t .  Data f o r  t h e  t h r e e  c o n f i g u r a t i o n s  t e s t e d  i n d i c a t e  good 
agreement of r e sonan t  f r equenc ie s  between t h e  dimpled sample and t h e  
equ iva len t  Helmholtz r e s o n a t o r  w i th  a n  equa l  backing dep th  ( f i g u r e  V - 2 1 ) .  
The Helmholtz r e s o n a t o r ,  however, could  a l s o  be r e p r e s e n t e d  by t h e  con- 
f i g u r a t i o n  of f i g u r e  V-22, u s i n g  a s m a l l e r  backing dep th .  By comparison, 
t h e  dimpled r e s o n a t o r  t hen  has  a lower r e s o n a n t  f requency  as shown i n  
f i g u r e s  V - 1 8  through V-20, because of i t s  i n c r e a s e d  backing volume. The 
s l a s h e d  l i n e s  i n  t h e  above f i g u r e s  r e p r e s e n t  t h e  t h e o r e t i c a l  r e sonan t  
f requencies  f o r  t h e  two d i f f e r e n t  backing d e p t h s ;  t h e  s o l i d  curve  is a 
p l o t  o f da t a  ob t a i n e d  expe r imenta 1 l y  . 
Placing the  backing c a v i t y  p l a t e  a t  v a r i o u s  d i s t a n c e s  from t h e  
dimpled a p e r t u r e  e x i t  produced no e f f e c t s  on r e s o n a n t  p r o p e r t i e s  t h a t  
were d i f f e r e n t  from t h e o r e t i c a l .  That i s ,  the  c r e a t i o n  of a d d i t i o n a l  
a p e r t u r e s  a t  t h e  dimple e x i t  had no e f f e c t  upon t h e  mass r e a c t a n c e  o r  
e f f e c t i v e  l e n g t h  of the  r e s o n a t o r .  
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F i g u r e  V - 1 7 .  Dimpled Fac ing  Sample FC 10769 
Table  V - 4 .  Geometr ical  Conf igu ra t ions  Considered 
With a 4.5% Open Area Sample 
D i m p l e  Length - T o t a l  Thickness  - Backing Gap Between 
and Backing 
i n .  i n .  D i s t a n c e  - i n .  Aper ture  E x i t  
P l a t e  - i n .  
0.108 0.133 0.4375 0.3295 
0.108 0.133 0.3750 0.267 0 
0.108 0.133 0.3125 0.2045 
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Figure  V - 1 8 .  Absorp t ion  vs Frequency 
f o r  Dimpled Resonator  
Conf igu ra t ion  N o .  1 
DF 59569 
Figure  V-19. Absorpt ion vs  Frequency 
f o r  Dimpled Resonator  
Conf igu ra t ion  No. 2 
V-16 
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Figure  V-20.  Absorpt ion vs Frequency f o r  DF 59571 
D i  mp 1 ed Re s ona t or  Con f i gur  a - 
t i o n  No. 3 
Helmholtz Resonator 
Design No. 1 
F igu re  V - 2 1 .  Dimpled and Helmholtz 
Resonators ,  Type A 
Dimpled Resonator 
FD 23052 
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Helmholtz Resonator 
Design No. 2 
Figure  V - 2 2 .  Dimpled and Helmholtz 
Resona to r s ,  Type B 
Dimpled Resonator 
FD 23053 
It may be concluded t h a t  the  dimpled r e s o n a t o r  posses ses  abso rb ing  
c h a r a c t e r i s t i c s  t h a t  a r e  the same as a n  e q u i v a l e n t  Helmholtz r e s o n a t o r  
a r r a y .  The d u a l - o r i f i c e  e f f e c t  was no t  observed wi th  t h e  samples t e s t e d .  
The var iance of  t h e  gap between a p e r t u r e  e x i t  and backing p l a t e  produced 
no s i g n i f i c a n t  changes i n  r e sonan t  p r o p e r t i e s  o r  f requency  bandwidth. 
F .  DOUBLE RESONATOR I N  SERIES 
A double r e s o n a t o r  is  de f ined  a s  two Helmholtz r e s o n a t o r s  connected 
in  e i t h e r  s e r i e s  o r  i n  p a r a l l e l .  The concept may be extended t o  a n  
un l imi t ed  number of r e s o n a t o r s  t h a t  r e s u l t  i n  m u l t i p l e  s e r i e s  o r  p a r a l l e l  
networks.  These networks a r e  r e f e r r e d  t o  a s  a c o u s t i c a l  wave f i l t e r s  
because of t h e i r  a b i l i t y  t o  b lock  undes i r ed  f r e q u e n c i e s .  The des ign  of  
networks is g r e a t l y  f a c i l i t a t e d  by t a k i n g  advantage  of t h e  ana logy  
between a c o u s t i c  and e l e c t r i c a l  f i l t e r s .  The s e r i e s  networks a r e  con- 
s t r u c t e d  by u s i n g  a combination of r e s i s t a n c e s  and r e a c t a n c e s  of one type 
of impedance, Z1, i n  s e r i e s  w i th  t h e  l i n e  and r e a c t a n c e s  of a n o t h e r  type 
of impedance, Z2 , shunted  a c r o s s  the  l i n e  ( s e e  f i g u r e  V - 2 3 ) .  
The s e r i e s  a c o u s t i c a l  network and t h e  e q u i v a l e n t  e l e c t r i c a l  c i r c u i t  
wi th  Helmholtz r e s o n a t o r  e lements  a r e  g iven  i n  f i g u r e  V - 2 4 .  
a s e r i e s  o f  p rope r ly  des igned  r e s o n a t o r s  could provide  cont inuous  abso rp -  
t i o n  c a p a b i l i t y  independent of frequency. 
T h e o r e t i c a l l y ,  
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Figure  V-23. Series Ladder-Type of 
Network Used as a F i l t e r  
FD 23054 
F igure  V-24. S e r i e s  Acous t ica l  C i r c u i t  FD 23055 
and Analogous E l e c t r i c a l  C i r c u i t  
The s i m p l e s t  s e r i e s  a c o u s t i c a l  network would be two Helmholtz resona-  
t o r s  ( i . e . ,  a double  r e s o n a t o r ) .  The bandwidth c h a r a c t e r i s t i c s  of double 
r e s o n a t o r s  connected i n  series were eva lua ted  us ing  t h e  ASTM impedance tube .  
Each r e s o n a t o r  was of t h e  a r r a y  type wi th  a t y p i c a l  c o n f i g u r a t i o n  a r ranged  
a s  shown i n  f i g u r e  V-25. The t e s t  data  of two c o n f i g u r a t i o n s ,  which i l l u s -  
t r a t e  t h e  most s i g n i f i c a n t  r e s u l t s ,  a r e  p re sen ted .  I n  both  c o n f i g u r a t i o n s  t h e  
sample wi th  t h e  h i g h e s t  open a r e a  (10.8%) was exposed t o  the  i n c i d e n t  wave. 
The second sample wi th  a 1 . 2 %  open area  was loca ted  0.250 i n .  behind t h e  
f i r s t  sample and 0.250 i n .  from a s o l i d  w a l l .  A complete d e s c r i p t i o n  of 
t h e  samples f o r  bo th  c o n f i g u r a t i o n s  i s  given i n  t a b l e  V-5. 
R e s u l t s  of t he  t e s t s  a r e  shown in f i g u r e s  V-26 and V - 2 7 .  The Con- 
f i g u r a t i o n  A s e r i e s  r e s o n a t o r  was found t o  be a good broadband abso rbe r .  
High a b s o r p t i o n  is  r e a l i z e d  from a frequency less than t h e  n a t u r a l  f r e -  
quency of  sample N o .  1 UP t o  2000 Hz .  It is  r easonab le  t o  assume t h a t  
t h e  a b s o r p t i o n  c o e f f i c i e n t  i n  f i g u r e  V-26 w i l l  remain above 75% up t o  
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2650 Hz. Conf igu ra t ion  B S e r i e s  r e s o n a t o r  appea r s  t o  have l e s s  d e s i r a b l e  
bandwidth c h a r a c t e r i s t i c s .  The e x t r a p o l a t e d  p o r t i o n  of t h e  curve  is 
based on expe r imen ta l  o b s e r v a t i o n s  of  similar t e s t  d a t a .  
d i s s i m i l a r i t y  between t h e  two c o n f i g u r a t i o n s  is the  magnitude of t h e  
d i f f e r e n c e  between r e sonan t  f r equenc ie s  f o r  each p a i r  of samples .  It 
was noted t h a t  as t h e  d i f f e r e n c e  i n  n a t u r a l  f r equenc ie s  becomes s m a l l e r  
the  more improved are  bandwidth c h a r a c t e r  is  t i c s .  
The primary 
0.25 
L 
0.25 
Figure V-25. Double Resonator i n  S e r i e s  FD 22793 
Table V-5. S e r i e s  Double Resonator Samples 
Sample Aper tu re  Aper tu re  Backing Open R e s  onan t 
No. Diameter - Thickness - Depth - Area - Frequency - 
i n .  i n .  i n .  % H z  
Conf igura t ion  A 7 0.052 0.250 0.250 10.8 265 0 
1 0.052 0.0625 0.250 1 . 2  148 0 
Conf igura t ion  B 7 0.052 0.250 0.250 10.8 2650 
8A 0.052 0.250 0.250 1 . 2  9 00 
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FREQUENCY - HZ 
F i g u r e  V-26. Double Resonator i n  Series FD 23140 
Experimental  Resu l t s  
(Configuration-A) 
F i g u r e  V-27. Double Resonator i n  Ser ies  DF 59572 
Experimental  Resu l t s  
(Conf i g u r a t  ion-B) 
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A d e t a i l e d  a n a l y s i s  of t h e  double r e s o n a t o r  i n  s e r i e s  is  g iven  i n  
Appendix A .  Equations t h a t  can  be used t o  p r e d i c t  t h e  e q u i v a l e n t  
impedance a r e  p re sen ted .  Experimental  d a t a  i n d i c a t e  t h a t  t h e  a c o u s t i c a l  
wave f i l t e r  does no t  perform p r e c i s e l y  as the analogous e l e c t r i c a l  wave 
f i l t e r ,  for  c u t o f f  f r equenc ie s  a r e  not  as c l e a r l y  de f ined  f o r  the  a c o u s t i -  
c a l  e lements ,  and cont inuous  bandwidth a b s o r p t i o n  appears  t o  be a f u n c t i o n  
of  n a t u r a l  f r equenc ie s  of t h e  i n d i v i d u a l  r e s o n a t o r s .  However, t h e  t h e o r y  
is be l ieved  t o  be a c c u r a t e  enough f o r  abso rb ing  l i n e r  des ign  purposes .  
G .  DOUBLE RESONATOR I N  PARALLEL 
A second type of double  r e s o n a t o r  i s  t h e  p a r a l l e l  combination. A s  
wi th  t h e  s e r i e s  r e s o n a t o r s ,  t h e  system a c t s  a s  a n  a c o u s t i c a l  wave f i l t e r  
and may be r ep resen ted  by an analogous e l e c t r i c a l  c i r c u i t .  The p a r a l l e l  
e l e c t r i c a l  network is c o n s t r u c t e d  by s imply  s h u n t i n g  t h e  v a r i o u s  impedances 
a c r o s s  the l i n e  a s  shown i n  f i g u r e  V-28. The p a r a l l e l  Helmholtz r e sona -  
t o r  a c o u s t i c a l  network and t h e  e q u i v a l e n t  e l e c t r i c a l  c i r c u i t  w i t h  elements 
a r e  given i n  f i g u r e  V-29. 
The double r e s o n a t o r  i s  t h e  s i m p l e s t  p a r a l l e l  network, combining two 
d i f f e r e n t  types of Helmholtz c o n f i g u r a t i o n s .  The bandwidth c h a r a c t e r i s t i c s  
of a double para l le l  sample, shown i n  f i g u r e  V-30, were e x p e r i m e n t a l l y  
eva lua ted .  Sepa ra t e  c a v i t i e s  were used because a common backing volume 
sample  with d i f f e r e n t  a p e r t u r e  d i ame te r s  would n o t  perform as a t r u e  
p a r a l l e l  abso rbe r .  
F igure  V-28. P a r a l l e l  Ladder-Type of 
Network 
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F i g u r e  V-29. P a r a l l e l  Acous t i ca l  C i r c u i t  FD 23057 
and Analogous E l e c t r i c a l  
C i r c u i t  - Type A Resonators 
Type B Resonators 
F i g u r e  V-30. Double Resonator i n  P a r a l l e l  FD 21978 
The t e s t  s ample  w a s  des igned  wi th  equal c a v i t y  volumes and equa l  backing 
dep ths  f o r  reasons of f a b r i c a t i o n  s i m p l i c i t y .  A complete d e s c r i p t i o n  of 
t h e  g e o m e t r i c a l  c o n f i g u r a t i o n  i s  given i n  t a b l e  V-6. 
Table V-6. P a r a l l e l  Double Resonator D e s c r i p t i o n  
Resonator  Aper ture  Backing Aper ture  Open Area Resonant 
Type Diameter,  D i s t a n c e ,  Thickness,  R a t i o ,  Frequency , 
i n .  i n .  i n .  % Hz 
A 0.070 1.100 0.250 6 .4  982 
B 0.140 1.100 0.250 25.0 1850 
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Impedance tube experiments were conducted a t  a c o n s t a n t  sound p r e s s u r e  
l e v e l  over the  frequency range of the  t e s t  a p p a r a t u s .  The e x p e r i -  
mental  abso rp t ion  c o e f f i c i e n t s  a r e  shown i n  f i g u r e  V-31. For compari- 
son ,  t h e  p r e d i c t e d  r e s u l t s  f o r  each r e s o n a t o r  s e c t i o n  have a l s o  been 
graphed. Note t h a t  the B-type r e s o n a t o r s  have l i t t l e  e f f e c t  on t h e  
measured a b s o r p t i o n  a t  f r e q u e n c i e s  lower t h a n  982 Hz ( t h e  r e s o n a n t  f r e -  
quency of t h e  A-type r e s o n a t o r s ) .  
t o r s  have low a b s o r p t i o n  c o e f f i c i e n t s  below 982 Hz; t h e r e f o r e ,  a s  shown 
i n  t h e  d a t a ,  t h e  a r r a y  performs a s  i f  on ly  t h e  A-type r e s o n a t o r s  were 
p r e s e n t  in a ha rd  w a l l .  For f r e q u e n c i e s  above 982 Hz ,  the  performance of  
t h e  sample i s  in f luenced  by both  r e s o n a t o r  t y p e s .  E x c e l l e n t  agreement 
was obta ined  between t h e  p r e d i c t e d  ( s e e  Appendix B) and observed 
r e sonan t  f requency  of the  combined A-type and B-type, l a b e l e d  as f i n  
f i g u r e  V-31. 
Theory p r e d i c t s  t h a t  t h e  B-type r e sona -  
02 
F igu re  V - 3 1 .  Double Resonator i n  P a r a l l e l  , DF 59573 
Experimental  R e s u l t s  
An a n a l y s i s  o f  the  double r e s o n a t o r  i n  p a r a l l e l  is  g iven  i n  Appen- 
d i x  B y  w h e r e  equa t ions  are p resen ted  f o r  t h e  t o t a l  e q u i v a l e n t  impedance. 
T h e o r e t i c a l l y ,  r e sonan t  frequency e q u a t i o n s  f o r  t h e  p a r a l l e l  double 
r e sona to r  could  be  determined by s e t t i n g  t h e  r e a c t a n c e  term of t o t a l  
impedance e q u a l  t o  z e r o ;  however, t h e  r e s u l t s  become t o o  cumbersome t o  
e s t a b l i s h  r e s o n a n t  frequency equa t ions  i n  g e n e r a l  terms.  Through obse rva -  
t i o n  of exper imenta l  t es t  d a t a ,  however, a method of p r e d i c t i n g  r e s o n a n t  
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f r equenc ie s  was de te rmined .  
double  r e sonan t  f r e q u e n c i e s .  The f i r s t  of t h e s e ,  t h e  lower r e sonan t  
f requency ( f o l l y  is  approximate ly  equal t o  t h e  v a l u e  f o r  t h e  A-type 
r e s o n a t o r  (fOA). 
between t h e  v a l u e s  f o r  t he  A-type and B-type c o n f i g u r a t i o n s  ( i . e . ,  f0A 
The double p a r a l l e l  r e s o n a t o r  appears  t o  have 
The second frequency a t  which resonance  occurs  l i e s  
< f o 2  < foB).  
a d i r e c t  average  o f  t h e  component resonant  f r e q u e n c i e s ,  f0A and fOB. 
method f o r  computing fo2 i s  g iven  in  Appendix B. 
For  t h e  double r e sona to r  t e s t e d ,  t h e  v a l u e  of  fO2 is a lmost  
A 
It may be  concluded t h a t  a double p a r a l l e l  r e s o n a t o r  of t h e  type  
t e s t e d  is  a n  e f f e c t i v e  broadband abso rbe r .  An a c o u s t i c  l i n e r  of t h i s  
c o n f i g u r a t i o n  would be a n  e x c e l l e n t  abso rbe r  f o r  u s e  i n  rocke t  motor com- 
b u s t i o n  chambers i n  which two modes of i n s t a b i l i t y  were i n h e r e n t .  S ince  
a s  w i t h  t h e  ser ies  r e s o n a t o r ,  t h e  p a r a l l e l  r e s o n a t o r  concept  can be  
expanded t o  inc lude  m u l t i p l e  r e s o n a t o r s ,  a n  a c o u s t i c  p a r a l l e l  network 
could  t h e o r e t i c a l l y  be  designed t o  provide s u f f i c i e n t  a b s o r p t i o n  
c h a r a c t e r i s t i c s  f o r  any d e s i r e d  frequency range .  
H . CONCLUSIONS 
An improvement i n  a c o u s t i c  abso rp t ion  c h a r a c t e r i s  t i c s  has  been sought  
through t e s t i n g  of v a r i o u s  l i n e r  c o n f i g u r a t i o n s  i n  t h e  ASTM cold-f low 
impedance tube .  Primary o b j e c t i v e s  inc luded  e x t e n s i o n  of a b s o r p t i o n  capa-  
b i l i t y  over  a wider  range of f requencies  w h i l e  ma in ta in ing  a s u f f i c i e n t  
a b s o r p t i o n  ampl i tude .  
One approach t o  t h e  a b s o r p t i o n  improvement o b j e c t i v e  was d i r e c t e d  
toward improving a b s o r p t i o n  c a p a b i l i t y  of  t h e  s i n g l e - t y p e  r e s o n a t o r  
d e s i g n .  The impedance tube  samples t e s t e d  inc luded  t h e  fo l lowing  des igns  : 
h igh  r e s i s t a n c e  a p e r t u r e s ,  nonresonant a b s o r b e r s  i n  t h e  form of conven- 
t i o n a l  r e s o n a t o r s  , and- dimpled r e s o n a t o r s .  
des igns  c o n s t r u c t e d  of  conven t iona l  r e s o n a t o r  a r r a y s  and porous backing  
p l a t e s  (Fe l tme ta l  p l a t e s )  do a f f e c t  bandwidth performance and maximum 
a b s o r p t i o n  ampl i tude .  The combination of l a r g e  r e s o n a t o r  open a r e a  and 
low d e n s i t y  backing  p l a t e  i nc reased  t h e  frequency range over  which t h e  
abso rbe r  was t e s t e d  w i t h  some reduc t ion  i n  a b s o r p t i o n  ampl i tude .  The 
nonresonant  abso rbe r  cons t ruc t ed  of a porous m a t e r i a l  w i th  added con- 
v e n t i o n a l  r e s o n a t o r s  produced no s i g n i f i c a n t  improvement i n  a b s o r p t i o n  
c h a r a c t e r i s t i c s  ; however, a resonant  f requency  s h i f t  w a s  ev iden t  from t h e  
The h igh - re s  i s t a n c e  a p e r t u r e  
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d a t a  of one sample.  
t i o n  is  r e q u i r e d  i n  a lower f requency  mode and a conven t iona l  d e s i g n  is 
no t  capable  of  producing s u f f i c i e n t  a b s o r p t i o n .  The dimpled r e s o n a t o r  
d i d  n o t  improve bandwidth performance over  t h e  conven t iona l  r e s o n a t o r .  
P r i m a r i l y ,  the  dimpled r e s o n a t o r  o f f e r s  des ign  advantages i n  t h e  a r e a s  
of  w e i g h t  and space wi th  no l o s s  i n  a b s o r p t i o n  c h a r a c t e r i s t i c s .  
This could  be a d e s i r a b l e  f e a t u r e  when peak abso rp -  
The o t h e r  approach toward improving a b s o r p t i o n  c h a r a c t e r i s t i c s  was 
through t h e  u s e  of  i n t e g r a t e d  r e s o n a t o r  c o n f i g u r a t i o n s  i n  a s i n g l e  assembly. 
The impedance tube samples t h a t  were t e s t e d  inc luded  a d i f f e r e n t  c a v i t y  
volume des ign ,  double r e s o n a t o r s  i n  s e r i e s ,  and a double r e s o n a t o r  i n  
p a r a l l e l .  The sample wi th  d i f f e r e n t  c a v i t y  volumes produced the  most 
s i g n i f i c a n t  improvement i n  bandwidth performance, wi th  a s l i g h t  r e d u c t i o n  
i n  a b s o r p t i o n  ampl i tude .  The double  r e s o n a t o r  i n  p a r a l l e l  was found t o  
have double r e sonan t  f r equenc ie s ,  an  advantage  t h a t  could be  r e a l i z e d  
when peak a b s o r p t i o n  a t  two modes is n e c e s s a r y .  The double  r e s o n a t o r  
concept c a n  be expanded t o  inc lude  m u l t i p l e  r e s o n a t o r s ,  e . g . ,  a t r i p l e  
r e sona to r  such a s  t h e  d i f f e r e n t  c a v i t y  volume sample,  w i t h  m u l t i p l e  
r e sonan t  f r equenc ie s  cove r ing  t h e  d e s i r e d  modes of i n s t a b i l i t y .  The 
bandwidth performance appears  t o  be a f u n c t i o n  of t h e  magnitude of t h e  
d i f f e r e n c e  between t h e  r e sonan t  f r equenc ie s  of t h e  i n d i v i d u a l  r e s o n a t o r s  
i n  t h e  c o n f i g u r a t i o n .  When t h e  magnitude is s m a l l ,  a s  w i t h  the d i f f e r e n t  
c a v i t y  volume d e s i g n ,  r e s o n a t o r  i n t e r a c t i o n  provides  cont inuous  peak 
a b s o r p t i o n  over t h e  des ign  frequency range.  A t  p r e s e n t ,  s u f f i c i e n t  
knowledge does n o t  e x i s t  f o r  p r e d i c t i n g  m u l t i p l e  p a r a l l e l  r e s o n a t o r  
abso rp t ion  c h a r a c t e r i s t i c s .  The a n a l y t i c a l  equa t ions  d e r i v e d  from e l e c t r i -  
c a l  a n a l o g i e s ,  which a r e  p re sen ted  f o r  t h e  p a r a l l e l  r e s o n a t o r ,  are n o t  
expected t o  produce t h e o r e t i c a l  r e s u l t s  e x a c t l y  e q u i v a l e n t  t o  expe r imen ta l  
d a t a ;  however, t hey  a r e  b e l i e v e d  t o  be a c c u r a t e  enough f o r  a c o u s t i c  l i n e r  
des ign  purposes.  The s e r i e s  double  r e s o n a t o r  performed s imi l a r  t o  t h e  
p a r a l l e l  c o n f i g u r a t i o n ,  producing double  r e sonan t  peaks.  This d e s i g n  
cou ld  a l s o  be  extended t o  produce m u l t i p l e  r e sonan t  f r e q u e n c i e s  and t h e r e -  
f o r e  peak a b s o r p t i o n  a t  m u l t i p l e  modes of i n s t a b i l i t y .  It can be con- 
c luded  t h a t  bo th  t h e  s e r i e s  and t h e  p a r a l l e l  r e s o n a t o r  des igns  o f f e r  
advantages a s  an e f f e c t i v e  means t o  suppres s  combustion i n s t a b i l i t y  t h a t  
occu r s  i n  more than one mode. 
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SECTION V I  
PROPERTY VARIATION EFFECTS 
A. INTRODUCTION 
Recent r o c k e t  t e s t s ,  sponsored under Cont rac t  S8-11038 (Reference 6 ) ,  
were made t o  deve lop  f u r t h e r  t h e  theory of u s i n g  abso rb ing  l i n e r s  t o  sup- 
press combustion i n s t a b i l i t i e s  i n  rocket  chambers. Measurements were made 
d u r i n g  t h e s e  tests t o  de te rmine  t h e  gas tempera ture  i n  t h e  abso rb ing  
l i n e r  a p e r t u r e  and c a v i t y .  R e s u l t s  of t h e  t e s t s  showed t h a t  a l a r g e  
tempera ture  g r a d i e n t  e x i s t e d  between t h e  gas i n  the  combustion chamber and 
t h e  gas  i n  t h e  l i n e r  a p e r t u r e s .  Such d r a s t i c  tempera ture  g r a d i e n t s  
cause  s u b s t a n t i a l  d i f f e r e n c e s  i n  the gas d e n s i t i e s  and s o n i c  v e l o c i t i e s  
of t h e  chamber and l i n e r  gases .  I n  a d d i t i o n ,  the composi t ion  of t h e  gases  
could  a l s o  be d i f f e r e n t  i f  t h e  l i n e r  is f i lm-cooled  w i t h  f u e l  from t h e  
o u t e r  rows of i n j e c t o r  spuds o r  i f  the l i n e r  i t s e l f  is  t r a n s p i r a t i o n  coo led .  
The o b j e c t i v e  of the  p rope r ty  v a r i a t i o n  experiments i s  t o  de te rmine  the  
e f f e c t s  on a sound wave a s  it t r a n s m i t s  a c r o s s  a boundary s e p a r a t i n g  two 
gaseous mediums having comple te ly  d i f f e r e n t  d e n s i t i e s  and s o n i c  v e l o c i t i e s .  
I n  a d d i t i o n ,  an experiment w a s  conducted t o  show t h e  e f f e c t s  on t h e  p e r -  
formance of  a l i n e r  when a change occurs i n  t h e  d e n s i t y  and i n  son ic  
v e l o c i t y  of the  gas i n  t h e  a p e r t u r e s  and c a v i t y .  
B.  TESTS WITH ASTM IMPEDANCE TUBE 
A s e r i e s  of cold-flow t e s t s  w a s  conducted wi th  t h e  ASTM impedance tube 
t o  de te rmine  how a change i n  gas d e n s i t y  and s o n i c  v e l o c i t y  would a f f e c t  
t h e  a b s o r p t i o n  of t h e  l i n e r .  The purpose of t h e  experiment was t o  com- 
pa re  r e s u l t s  of  a s e r i e s  of t e s t s  made wi th  n i t r o g e n  t o  a s i m i l a r  s e r i e s  
of t e s t s  made wi th  helium i n  the c a v i t y  and a p e r t u r e s  of  t h e  abso rb ing  
1 i n e r  . 
A l l  t es t s  were made wi th  a sample t h a t  had a nominal 5% open a r e a  
r a t i o ,  a t h i ckness  of 0.250 i n . ,  and an a p e r t u r e  d iameter  of 0.050 i n .  
A frequency range of 400 t o  2000 Hz was covered and a t o t a l  sound p r e s s u r e  
l e v e l  of 165 db was main ta ined  a t  the sample f a c e .  
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During t h e s e  t e s t s ,  t h e  i n c i d e n t  sound wave was g e n e r a t e d  i n  a n  
atmosphere of gaseous n i t r o g e n ,  while  gaseous he l ium e n t e r e d  t h e  c a v i t y  
and a p e r t u r e s  of t h e  r e s o n a t o r  ( see  f i g u r e  V I - 1 ) .  Analys is  o f  t h e  d a t a  
r e v e a l e d  t h a t  t h e  hel ium e n t e r i n g  t h e  impedance tube  through t h e  sample 
a p e r t u r e s  had mixed w i t h  t h e  n i t r o g e n  and a l t e r e d  t h e  wave l e n g t h  of  t h e  
i n c i d e n t  sound wave, which caused a d i s t o r t i o n  i n  t h e  s t a n d i n g  wave 
p a t t e r n .  This  d i s t o r t i o n  of t h e  wave p a t t e r n  made it  d i f f i c u l t  t o  l o c a t e  
t h e  p o s i t i o n  of p r e s s u r e  minimums; t h e r e f o r e ,  a c c u r a t e  d e t e r m i n a t i o n  of 
t h e  a c o u s t i c  impedance was impossible .  To overcome t h e  d i f f i c u l t y ,  a n  
a l t e r n a t e  method of  de te rmining  the  impedance of a n  a b s o r b i n g  l i n e r  was 
used .  
D r .  I n g a r d ,  i s  d e s c r i b e d  i n  t h e  next paragraph.  
The method, which w a s  suggested by t h e  program c o n s u l t a n t ,  
F i g u r e  V I - 1 .  ASTM P r o p e r t y  V a r i a t i o n  
F a c i l i t y  
C.  NEW PHASE ANGLE IMPEDANCE TUBE 
FD 20130 
The new impedance measuring appara tus  e l i m i n a t e s  t h e  u s e  of d a t a  
t h a t  a r e  based on t h e  s t a n d i n g  wave p a t t e r n  a s  is needed w i t h  t h e  ASTM 
t u b e .  The new technique  r e q u i r e s  measurements of  t h e  sound p r e s s u r e  
l e v e l  a t  t h e  sample f a c e  and i n  the backing c a v i t y ,  and a l s o  t h e  
phase a n g l e  between t h e s e  two p r e s s u r e  a m p l i t u d e s .  
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By measuring t h e s e  two p r e s s u r e  ampl i tudes ,  and t h e  phase a n g l e  between 
them, the  impedance can be  determined,  a s  shown i n  Appendix C ,  from t h e  
f o l  lowing equa t ion  : 
- 1 s i n . - i [ -  1 c o s + ]  
kL 
where k,  t h e  wave number i s :  
(VI-1) 
(VI- 2) 
Also t h e  i n c i d e n t  sound p res su re  l e v e l  a t  t h e  sample f a c e  can be com- 
puted ,  a s  shown i n  Appendix D ,  from: 
112 
- P1 [ ( 0  + 1)2 + x 2 ]  
D - 
' i n c  iden  t 
[82  + x 2 ]  
where 4 , t h e  a c o u s t i c  r e s i s t a n c e  i s  : 
and X,  t h e  a c o u s t i c  r e a c t a n c e  is : 
x = - lP,lcos p1 4 
(VI-3) 
(VI-4) 
4 
(VI -5) 
The phase a n g l e  impedance tube  ( f i g u r e  VI-2) was des igned  t o  
o p e r a t e  over  a f requency  range  of 0 t o  10,000 Hz; t h e  upper  l i m i t  was 
determined by the  s t a n d a r d s  set  f o r t h  by t h e  American S o c i e t y  f o r  T e s t i n g  
M a t e r i a l s  (Reference 5) .  However, because of t h e  l i m i t e d  range of t h e  
d r i v e r  ( loudspeaker ) ,  t h e  a c t u a l  f requency range is o n l y  500 t o  8000 Hz. 
An Al tec  290E d r i v e r  i s  used as the  sound source ;  a n  i n c i d e n t  ou tpu t  o f  
over  150 db is ob ta ined .  Two Bruel  and Kjaer 1 / 4 - i n .  condenser  microphones 
(Type 4136)  are  used t o  measure the sound p r e s s u r e  ampl i tudes  a t  t h e  sample 
f a c e  and i n  the  backing c a v i t y .  F igure  VI-3 shows t h e  in s t rumen ta t ion  
used w i t h  t h e  above equipment. 
c o n v e r t  t h e  s i g n a l  from t h e  microphones t o  d e c i b e l s .  
(Model 52463) i s  used t o  measure t h e  phase a n g l e  between the  two microphone 
o u t p u t s ;  a Hewlet t  Packard dua l  beam o s c i l l o s c o p e  (Type 32A) can  be used 
a s  a n  a l t e r n a t i v e ,  b u t  less  a c c u r a t e ,  means of measuring t h e  phase a n g l e .  
A General  Radio wave a n a l y z e r  i s  used t o  
An A D - W  phase meter  
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F i g u r e  V I - 2 .  High Frequency Phase 
Angle Impedance Tube 
F i g u r e  VI-3. T e s t  Stand I n s t r u m e n t a t i o n  
FD 23058 
FD 23059 
V I - 4  
. 
D .  TEST PROCEDURES 
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The f i r s t  t e s t  conducted was t o  de te rmine  t h e  e f f e c t s  on a p re s su re  
wave as i t  c rossed  a boundary between a i r  and he l ium g a s e s .  To perform 
t h e s e  tes ts  t h e  impedance tube  was s e p a r a t e d  a s  shown i n  f i g u r e  V I - 4 .  
Helium w a s  t hen  forced  s lowly  i n t o  t h e  r e s o n a t o r  c a v i t y ,  which al lowed t h e  
he l ium t o  flow through t h e  impedance tube  and o u t  t h e  gap between t h e  
f l a n g e s ,  t he reby  l eav ing  t h e  a i r  i n  t h e  t ape red  s e c t i o n  und i s tu rbed .  Thus,  
a boundary between hel ium and a i r  e x i s t e d  a c r o s s  t h e  gap  formed by t h e  
s e p a r a t e d  f l a n g e s  . 
Speaker 7 Helium Air Boundary 7 -  
Helium Supply Line 1 L Cavity Y Y  Helium Exhaust 
1 I 
F igu re  V I - 4 .  Rig Schematic for  P rope r ty  
E f f e c t s  Experiment 
FD 23060 
During t h e  tes ts  t h e  fo l lowing  procedure was used .  The appa ra tus  was 
f i r s t  purged w i t h  a i r  so  t h a t  no helium w a s  p r e s e n t .  A v o l t a g e  was then  
a p p l i e d  t o  t h e  loudspeaker ,  caus ing  a sound wave t o  be t r a n s m i t t e d  i n t o  
t h e  tube .  The impedance was measured u s i n g  t h e  technique  desc r ibed  i n  
paragraph C .  Without a l t e r i n g  t h e  v o l t a g e  s u p p l i e d  t o  t h e  speake r ,  
t h e r e b y  ma in ta in ing  t h e  same i n c i d e n t  sound wave, t h e  he l ium was s lowly  
purged i n t o  t h e  c a v i t y ,  forming t h e  he l ium- to -a i r  boundary shown i n  
f i g u r e  V I - 4 .  The same sound energy t h a t  was p rev ious ly  i n c i d e n t  upon 
t h e  sample when on ly  a i r  was i n  t h e  tube  was now s t r i k i n g  t h e  boundary 
between t h e  hel ium and a i r .  The sound energy a f t e r  p a s s i n g  through 
t h e  boundary became t h e  i n c i d e n t  wave on the  sample and was measured 
u s i n g  t h e  same technique  as b e f o r e .  The ampl i tude  o f  t h i s  i n c i d e n t  sound 
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wave was then compared t o  the  known ampl i tude  of t h e  wave t h a t  w a s  i n c i -  
den t  on t h e  a i r - t o - h e l i u m  boundary. The d i f f e r e n c e  was a measure of t h e  
a t t e n u a t i o n  caused by t r a v e r s i n g  a boundary between two gaseous mediums 
having  d i f f e r e n t  d e n s i t i e s  and s o n i c  v e l o c i t i e s .  
A l l  tests were made wi th  a sample having  a nominal open a r e a  r a t i o  
o f  lo"/,, a t h i c k n e s s  of 0.10 i n . ,  and a p e r t u r e  d i ame te r  of 0.050 i n .  Tests 
were conducted over  a frequency range of 500 t o  5500 Hz, wi th  an i n c i d e n t  
sound p res su re  of 145 db gene ra t ed  a t  t h e  e x i t  of t h e  t ape red  s e c t i o n .  
An a d d i t i o n a l  t e s t  was made t o  de te rmine  t h e  e f f e c t s  on t h e  performance 
of a l i n e r  i f  t h e  d e n s i t y  and s o n i c  v e l o c i t y  of t h e  gases  i n  t h e  a p e r t u r e s  
and c a v i t y  were t o  d i f f e r  from t h e  assumed v a l u e s  used t o  des ign  t h e  l i n e r .  
The t e s t s  were made wi th  a c losed  system ( f i g u r e  VI-2), i . e . ,  one i n  which 
t h e r e  was no gap between t h e  f l a n g e s .  The e n t i r e  i n s i d e  of t h e  impedance 
tube was purged w i t h  helium s o  t h a t  a pure he l ium atmosphere e x i s t e d  from 
t h e  speaker  t o  t h e  r e s o n a t o r  c a v i t y .  
determined over  a f requency  range from 700 t o  7000 Hz a t  a t o t a l  sound 
p res su re  l e v e l  of 151 db as measured a t  t h e  sample f a c e .  
The impedance of t h e  sample  was then  
E. RESULTS 
The f i r s t  t es t  was conducted t o  de te rmine  t h e  e f f e c t s  on a sound 
wave a s  i t  t r a v e r s e d  a c r o s s  a boundary s e p a r a t i n g  helium and a i r  atmos- 
phe res .  Experimental  r e s u l t s  showed t h a t  an average  drop  i n  t h e  sound 
p res su re  l e v e l  of 3 . 6  db occurred  when t h e  wave passed from a i r  i n t o  a 
helium atmosphere. A t h e o r e t i c a l  method based on a one-dimensional 
a n a l y s i s ,  equa t ion (VI -6 ) ,  p r e d i c t e d  a maximum drop  of 4.8 db a c r o s s  a 
wel l -def ined,  a i r - t o - h e l i u m  boundary (Reference 8 ) .  
(VI-6) 
The d e v i a t i o n  can  be a t t r i ' b u t e d  t o  t h e  f a c t  t h a t ,  a s  i n t ended ,  a w e l l -  
de f ined  boundary was  no t  ach ieved ,  b u t  a g r a d u a l  change occurred  between 
t h e  gases w i t h i n  a zone t h a t  w a s  a mixture  of bo th  a i r  and he l ium.  
The a d d i t i o n a l  tes t  determined t h e  e f f e c t s  on the  a b s o r p t i o n  of a l i n e r  
when the gas p r o p e r t i e s  v a r i e d ;  r e s u l t s  of t h e  tes t  a r e  shown i n  f i g u r e  VI-5. 
The f i g u r e  compares both t h e  expe r imen ta l  and t h e o r e t i c a l  p r e d i c t e d  r e s u l t s  
f o r  the  l i n e r  when it is o p e r a t i n g  i n  a n  atmosphere of  e i t h e r  a i r  o r  helium. 
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A s  s e e n ,  t h e  r e sonan t  f requency  o f  t h e  l i n e r  was a l t e r e d  cons ide rab ly  when 
t h e  a i r  atmosphere was changed to  helium. But t h e  t h e o r e t i c a l  cu rves  i n d i -  
c a t e  t h a t  t h e  performance of the l i n e r  can be p r e d i c t e d ,  a t  l e a s t  up t o  t h e  
r e sonan t  f requency ,  a s  long as t h e  gas p r o p e r t i e s  i n  t h e  a p e r t u r e s  and 
c a v i t y  of the  r e s o n a t o r  are  known. 
F i g u r e  V I - 5 .  R e s u l t s  of  t h e  V a r i a t i o n  
i n  Gas P r o p e r t i e s  
DF 59701 
R e s u l t s  of t h e s e  and o t h e r  t e s t s  made w i t h  a n  a i r  atmosphere show t h a t  
when t h e  p r e s e n t  p r e d i c t i o n  method i s  used a disagreement w i l l  occur between 
t h e o r e t i c a l  and exper imenta l  resu l t s  a t  f r equenc ie s  g r e a t e r  than resonance .  
The d isagreement  i s  due t o  inaccurac i e s  i n  t h e  non l inea r  c o r r e c t i o n  t e r m  
t h a t  must be e x t r a p o l a t e d  from d a t a  ob ta ined  a t  f r equenc ie s  below 2000 Hz 
and used  i n  t h e  t h e o r e t i c a l  p r e d i c t i o n  method. R e s u l t s  of a tes t  made wi th  a 
r e s o n a t o r  w i th  a lower r e sonan t  frequency than the one used i n  f i g u r e  V I - 5  
a re  shown i n  f i g u r e  V I - 6  t o  show how t h e  exper imenta l  n o n l i n e a r  c o r r e c t i o n  
term d i f f e r s  from t h e  theo ry .  In  the fo l lowing  s e c t i o n ,  f i g u r e  V I I - 6  shows 
how t h e  u s e  of t h e  p r e s e n t  method of p r e d i c t i n g  t h e  non l inea r  c o r r e c t i o n  
term w i l l  cause  t h e  t h e o r e t i c a l  r e s i s t a n c e  t o  s i g n i f i c a n t l y  d i f f e r  from 
t h e  expe r imen ta l  v a l u e  a t  f requencies  above resonance .  
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Figure  VI-6. Comparison of the  Nonlinear DF 59906 
C o r r e c t i o n  Term Between t h e  
P resen t  Theory and Experimental  
Data 
F . CONCLUSIONS 
From the r e s u l t s  of t h e  p r o p e r t y  v a r i a t i o n  exper iments ,  it i s  concluded 
t h a t  t h e  e f f e c t s  on sound i n t e h s i t y  o f  a change i n  t h e  medium through which 
a sound wave must t r a v e l  can be p r e d i c t e d  from one-dimensional t h e o r y .  I n  
a d d i t i o n ,  i f  the p r o p e r t i e s  of  t h e  gas i n  t h e  a p e r t u r e s  and c a v i t y  of an 
abso rb ing  l i n e r  o p e r a t i n g  i n  such an environment a r e  known, t h e  a c o u s t i c  
performance of  the a r r a y  can be p r e d i c t e d  w i t h i n  t h e  l i m i t s  of t h e  p r e s e n t  
t heo ry .  
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SECTION V I 1  
H I G H  FREQUENCY INVESTIGATIONS 
A .  INTRODUCTION 
I n  t h i s  s e c t i o n  a d e s c r i p t i o n  i s  g iven  of a d d i t i o n a l  work t h a t  was 
acc.omplished w i t h  t h e  h igh  frequency impedance tube .  I n  a d d i t i o n ,  a 
d e t a i l e d  d e s c r i p t i o n  of t h e  phase angle  impedance t echn ique  is p r e s e n t e d .  
Experimental  r e s u l t s  a re  compared with t h c  p r e s e n t  t h e o r e t i c a l  p r e d i c t i o n  
methods t o  show t h a t  disagreement  occurs a t  h igh  f r e q u e n c i e s .  
B .  PHASE ANGLE IMPEDANCE TUBE TECHNIQUES 
The phase a n g l e  impedance tube is used f o r  de t e rmin ing  the  a c o u s t i c  
impedance and a b s o r p t i o n  c o e f f i c i e n t  o f  l i n e r  samples.  The equipment 
c o n s i s t s  of a s h o r t  tube o f  f i x e d  length and uniform c r o s s  s e c t i o n ,  w i t h  
r i g i d  wa l l s  t h a t  t r a n s m i t  n e g l i g i b l e  sound energy.  Unlike t h e  ASTM 
impedance a p p a r a t u s ,  t h e  tube can be made as s h o r t  as d e s i r e d  wi thou t  
imposing a frequency l i m i t .  A t  one end o f  t h e  t u b e ,  a sou rce  of s i n u s o i d a l  
p l ane  waves is  p l aced ,  and a t  t h e  o t h e r  end t h e  specimen t o  be t e s t e d  i s  
p l aced  ( s e e  f i g u r e  VI-2). The tapered s e c t i o n  between t h e  tube and the  
sound s o u r c e  is  used as a r educe r  s o  t h a t  t h e  c r o s s - s e c t i o n a l  area of 
t h e  speake r  mouth would conform w i t h  t h a t  of t h e  tube .  An a u d i o  o s c i l -  
l a t o r  ( s i g n a l  g e n e r a t o r )  d r i v e s  t h e  loudspeaker ,  which t r a n s m i t s  plane 
waves l o n g i t u d i n a l l y  a l o n g  t h e  tube .  
When t h e  l o n g i t u d i n a l  wave is i n c i d e n t  on t h e  sample a t  t h e  end of 
t h e  t u b e ,  p a r t  o f  i t s  energy is r e f l e c t e d  back up t h e  tube i n  t h e  form 
of a n o t h e r  p r e s s u r e  wave. The i n c i d e n t  and r e f l e c t e d  waves s e t  up a 
s t a n d i n g  wave i n  t h e  tube t h a t  h a s  a maximum p r e s s u r e  ampli tude a t  t h e  
sample f a c e .  A s m a l l  microphone mounted f l u s h  i n  t h e  s i d e  w a l l  o f  t he  
tube a t  t h e  sample i s  used t o  measure  t h e  maximum p r e s s u r e .  
The p o r t i o n  of t h e  i n c i d e n t  sound energy t h a t  i s  n o t  r e f l e c t e d  back 
up t h e  tube  is t r a n s m i t t e d  through the  a p e r t u r e s  and i n t o  t h e  r e s o n a t o r  
c a v i t y .  The energy i n  t h e  c a v i t y ,  a l s o  i n  t h e  form of sound p r e s s u r e ,  
i s  measured w i t h  a second microphone l o c a t e d  on t h e  back wa l l  of t h e  
c a v i t y  ( s e e  f i g u r e  VII-1) .  
through a wave a n a l y z e r  t o  a m i l l i v o l t  meter t o  i n d i c a t e  t h e  r e l a t i v e  
p r e s s u r e  ampl i tudes  of t h e  sound l e v e l  i n  f r o n t  of t h e  sample and i n  the  
The ou tpu t s  o f  both microphones a r e  fed  
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c a v i t y .  I n  a d d i t i o n ,  the  ou tpu t s  of both microphones a r e  connected t o  a 
phase meter t o  de te rmine  t h e  phase d i f f e r e n c e  between t h e  i n c i d e n t  and 
t r a n s m i t t e d  waves.  Using the  equat ions  de r ived  i n  Appendix C y  t h e  abso rp -  
t i o n  c o e f f i c i e n t  and the  components of  impedance can  be computed from t h e  d a t a .  
F i g u r e  V I I - 1 .  High Frequency Sound FD 23078 
Wave Measuring Device 
C .  ANALYSIS 
A sample hav ing  a n  open a r e a  r a t i o  o f  5.4%, a t h i c k n e s s  0.10 i n .  , 
and a n  a p e r t u r e  d i ame te r  o f  0.052 i n .  w a s  used i n  a series o f  tes ts  
made a t  f requency  i n t e r v a l s  of  100  Hz over  a range  from 700 t o  5500 Hz. 
A backing  c a v i t y  having  a dep th  of 0.800 i n .  was used .  The t o t a l  sound 
p r e s s u r e  l e v e l  i n  f r o n t  of  t h e  sample was main ta ined  a t  151 db. 
F i g u r e  V I I - 2  shows how t h e  sound p r e s s u r e  l e v e l  i n  the  c a v i t y  changed 
as t h e  f requency  w a s  i n c r e a s e d ;  i t  i s  worthy of  n o t e  t h a t  t h e  c a v i t y  
sound l e v e l  reaches  a maximum before  resonance  occur s .  A l so ,  when t h e  
V I I - 2  
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frequency w a s  i nc reased  beyond resonance , t he  sound p r e s s u r e  i n  t h e  
c a v i t y  d rops  below t h e  p r e s s u r e  i n c i d e n t  on t h e  sample.  This  phenomenon 
occur s  because t h e  v e l o c i t y  of the gases i n  the  a p e r t u r e s  d e c r e a s e s  as 
t h e  frequency i n c r e a s e s ,  t he reby  causing t h e  sound energy t o  be t r a n s -  
m i t t e d  through t h e  a p e r t u r e s  wi th  l e s s  e f f i c i e n c y .  S i m i l a r  r e s u l t s  
e a r l i e r  t es t s  have been r epor t ed  (Reference 9 ) .  from 
F i g u r e  VII-2. Cavity Sound P res su re  
Level v s  Frequency 
DF 59729 
The t o t a l  sound p r e s s u r e  l e v e l  i n  f r o n t  o f  t h e  sample w a s  h e l d  con- 
s t a n t  a t  151 db ;  however, t he  inc iden t  sound p r e s s u r e  v a r i e d  w i t h  f r e -  
quency, as s e e n  i n  f i g u r e  VII-3. Near resonance,  t h e  i n c i d e n t  sound p r e s -  
s u r e  l e v e l  i s  a lmost  e q u a l  t o  t h e  t o t a l  sound p r e s s u r e  l e v e l ,  a c o n d i t i o n  
t h a t  occurs when t h e  a b s o r p t i o n  c o e f f i c i e n t  i s  nea r  u n i t y .  F i g u r e  V I I - 4  
shows t h a t  t h e  measured a b s o r p t i o n  c o e f f i c i e n t  was 99.8%, i . e . ,  99.8% of  
t h e  i n c i d e n t  sound energy was absorbed and on ly  0.2% r e f l e c t e d .  A s  
exp la ined  i n  t h e  previous s e c t i o n ,  the  disagreement  between expe r imen ta l  
and t h e o r e t i c a l  v a l u e s  a t  h igh  f r equenc ie s  is due t o  t h e  e x t r a p o l a t i o n  
of n o n l i n e a r  r e s i s t a n c e  d a t a  t h a t  a r e  ob ta ined  a t  low f r e q u e n c i e s  i n t o  
t h e  h igh  frequency range.  
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I 
Figure  VII-3. I n c i d e n t  Sound P r e s s u r e  
Level  v s  Frequency 
DF 59730 
F igure  V 1 . I - 4 .  High Frequency Data 
Comparison 
DF 59907 
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The s p e c i f i c  a c o u s t i c  r e a c t a n c e  may be computed from: 
(VII-1) 
where f o  = &C 
and 1 e f f  = t + 0.85 d ( 1 - 0 - 7 6 )  
(VI1 -2) 
(VII-3)  
For p re sen t  purposes i t  is  u s e f u l  t o  combine equa t ions  (VII-8) and 
(VTI-9) t o  o b t a i n :  
(VII-4) 
where t h e  term c o n t a i n i n g  1 
i s  the c a p a c i t a n c e .  The a c o u s t i c  r e s i s t a n c e  of an a r r a y  of r e s o n a t o r s  can  
t h e o r e t i c a l l y  be  p r e d i c t e d  us ing  t h e  equa t ions  of S e c t i o n  I11 of t h i s  r e p o r t .  
i s  the i n e r t a n c e  and the  te rm c o n t a i n i n g  L e f f  
To i n v e s t i g a t e  t h e  v a l i d i t y  o f  the theo ry  a t  h igh  f r e q u e n c i e s ,  t h e  
components of impedance were computed and compared wi th  expe r imen ta l  
d a t a ;  the  r e s u l t s  a r e  shown i n  f i g u r e s  VII-5 and VII-6. The capac i -  
t a n c e  of t h e  a r r a y  was found t o  ag ree  w i t h  theo ry  over t h e  e n t i r e  f r e -  
quency range. S i g n i f i c a n t  d e v i a t i o n s  between t h e  theo ry  and e x p e r i -  
menta l  d a t a  were noted  f o r  bo th  t h e  i n e r t a n c e  and r e s i s t a n c e ,  e spe -  
c i a l l y  a t  f r equenc ie s  g r e a t e r  t han  t h a t  of resonance .  F u r t h e r  s t u d y  
o f  t h e  d a t a  r evea led  t h a t  t h e  d i sc repanc ie s  i n  t h e  i n e r t a n c e  and r e s i s t -  
ance components are  due t o  inaccuxacies  i n  t h e  e f f e c t i v e  l e n g t h  and 
n o n l i n e a r  r e s i s t a n c e  c o r r e c t i o n  f a c t o r s .  Both of t h e s e  terms must be 
computed from e m p i r i c a l  c o r r e l a t i o n s  of d a t a .  No impedance d a t a  on t h e  
performance of r e s o n a t o r  a r r a y s  o p e r a t i n g  a t  h igh  sound p r e s s u r e  l e v e l s  
i n  t h e  h igh  frequency regime (above 2000 Hz) were a v a i l a b l e  when t h e  
e m p i r i c a l  c o r r e l a t i o n s  were formed; t h e r e f o r e ,  i t  is no t  s u r p r i s i n g  t o  
f i n d  t h a t  e x t r a p o l a t i o n s  i n t o  t h i s  regime produce i n a c c u r a c i e s .  It is  
worthy of n o t e  t h a t  no empi r i ca l  data a r e  r e q u i r e d  f o r  t h e  computation of 
t h e  t h e o r e t i c a l  c a p a c i t a n c e  term. 
D. RECOMMENDATIONS 
It is  recommended t h a t  a d d i t i o n a l  r e s e a r c h  be conducted i n  a n  a t t empt  
t o  improve t h e  abso rb ing  l i n e r  design techniques  i n  the  h igh  f requency ,  
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h igh  sound p res su re  l e v e l  regime. 
absorbing l i n e r s  f o r  o p e r a t i o n  a t  f r equenc ie s  g r e a t e r  t han  2000 Hz should 
be designed s o  t h a t  t he  r e sonan t  f requency o f  t h e  assembly is g r e a t e r  
than  t h e  frequency a t  which t h e  i n s t a b i l i t y  occur s .  
U n t i l  t h e  theo ry  can be improved, 
_ _ _  ___ 
Figure  VII-6. Comparison of Experimental  DF 59700 
Acous t ic  Res is t ance  t o  
Theoret  i c a  1 
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The phase a n g l e  technique  has proven t o  be a p r e c i s e  and a c c u r a t e  
method of measuring t h e  a c o u s t i c  c h a r a c t e r i s t i c s  of a b s o r b e r s .  A 
s i m i l a r  technique  could p o s s i b l y  be used t o  measure t h e  absorb ing  c o e f f i -  
c i e n t  of a l i n e r  and t h e  i n c i d e n t  energy caus ing  t h e  i n s t a b i l i t y  i n  a 
r o c k e t  chamber under a c t u a l  f i r i n g  cond i t ions .  Such measurements could  
l ead  t o  s i g n i f i c a n t  improvements i n  the des ign  theo ry ;  t h e r e f o r e ,  i t  is  
recommended t h a t  the  f e a s i b i l i t y  and l i m i t a t i o n s  of  t h e  technique  f o r  
such a p p l i c a t i o n s  be  i n v e s t i g a t e d  f u r t h e r .  
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APPENDIX A 
ANALYSIS O F  SERIES RESONATOR 
The s i n g l e  Helmholtz r e s o n a t o r  or i t s  e l e c t r i c a l  and mechanical 
e q u i v a l e n t  i s  a dynamical system, whose motion i s  c o n s t r a i n e d  so t h a t  
i t s  p o s i t i o n  can be comple te ly  spec i f i ed  by one c o o r d i n a t e .  
systems of t h i s  type a r e  s a i d  t o  have one degree  of freedom. 
r e s o n a t o r  c o n f i g u r a t i o n  i s  a system of two e lements  t h a t  a r e  capab le  of 
v i b r a t i n g  independent ly  of  each o t h e r .  The re fo re ,  t h e  double  r e s o n a t o r  
i n  s e r i e s  and i t s  e q u i v a l e n t  e l e c t r i c  c i r c u i t  ( f i g u r e  A-1) a r e  harmonic 
o s c i l l a t o r s  whose motion h a s  two degrees  of freedom. 
V i b r a t i n g  
The double  
Double Reaonacor 
in series 
FD 20215A F igure  A - 1 .  Acous t i c -E lec t r i c  Analogy f o r  
S e r i e s  Double Resonator 
The equa t ions  of motion f o r  o s c i l l a t o r s  w i t h  two degrees  o f  freedom 
a r e  g iven  i n  many tex ts" .  For our  purposes ,  i t  i s  more convenient  u s i n g  
t h e  analogous e l e c t r i c a l  c i r c u i t  t o  analyze t h e  double  r e s o n a t o r  sys tem.  
The impedance of t h e  a c o u s t i c a l  system c a n  then  be determined by (1) s o l v i n g  
* Jacobsen ,  L .  S., and R.  S .  Ayre,  Engineer ing V i b r a t i o n s ,  p 317, 
McGraw-Hill I n c . ,  New York, N . Y . ,  1958. 
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i t s  equ iva len t  e l e c t r i c a l  c i r c u i t  and (2)  s u b s t i t u t i n g  t h e  a c o u s t i c  
e lements  of t h e  system f o r  t h e i r  a s s o c i a t e d  elements  i n  t h e  c i r c u i t .  
The e l e c t r i c a l  analogue of t h e  double  r e s o n a t o r  w i l l  be so lved  t o  
determine t h e  equ iva len t  impedance. 
can then be c a l c u l a t e d  from t h e  f i n a l  impedance r e s u l t s .  
Acous t ic  a b s o r p t i o n  of t h e  system 
For  convenience t h e  fo l lowing  s u b s t i t u t i o n s  a r e  made f o r  t h e  c i r c u i t  
g iven  in  f i g u r e  A - 1 :  
z1 = R1 + (sl) 
z2 = (xcl) 
( 5 2  + xc2) 
Z3 = R2 + i 
where: i = fl 
T o t a l  equ iva len t  impedance can  be expressed a s  fo l lows:  
'2'3 z =  
eq  '1 + z2 + z3 
By s u b s t i t u t i o n :  
r 1 
xc 1 p 2  + (s2 + "c2)J 
= R1 + [ - x C 1  - +  1 
2 
R2 
z 
R2 + (xcl + "c2 + x L 2 )  J 
xcl R2 2 + "cl 2 (xc2 + s2) + "cl ( X C 2  + X L 2 ) 2 ]  
i[S1 + 2 '  2 R2 + ("c 1 + xc2 + xL2 ) 
The equ iva len t  impedance i s  now expressed  by r e a l  and imaginary terms.  
S u b s t i t u t i n g  f o r  t he  r e a c t i v e  terms: 
% = o L 1  
1 
s2 = O L 2  
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where :w= angu la r  f requency  ( r ad / sec )  
. .  Z eq = [ R l  + R2 
2 1 
wc2 wcl l L  
The a b s o r p t i o n  c o e f f i c i e n t  i s  def ined a s  th2  r a t i o  o f  energy  absorbed t o  
energy  of t h e  i n c i d e n t  p re s su re  wave. 
impedance t h e  abso rp t ion  may be c a l c u l a t e d  from the  fo l lowing  expres s ion :  
I n  terms of  s p e c i f i c  a c o u s t i c  
2 
Resonant f requency expres s ions  f o r  the double r e s o n a t o r  i n  ser ies  may be 
determined by s e t t i n g  the  imaginary component o f  e q u i v a l e n t  impedance 
e q u a l  t o  zero .  R e s u l t s  a r e  n o t  presented because t h e  e q u a t i o n s  become 
too  cumbersome f o r  p r e s e n t a t i o n  purposes.  
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APPENDIX B 
ANALYSIS OF PARALLEL RESONATOR 
The double  r e s o n a t o r  i n  p a r a l l e l  is s i m i l a r  t o  t h e  double r e s o n a t o r  
i n  s e r i e s  s i n c e  both  c o n f i g u r a t i o n s  a r e  harmonic o s c i l l a t o r s  whose motion 
has  two degrees  of freedom. A double r e s o n a t o r  i n  p a r a l l e l  and i t s  
e q u i v a l e n t  e l e c t r i c a l  c i r c u i t  are  given i n  f i g u r e  B - 1 .  
Type - No. 2 
Resonators m Type - NO. 1 1 Resonators / I \  / I \  +O I 1 
A 
I 
I 
I 
I 
1 I I 
I I I 
I I 
I 
Z l  I 
I 
1 I 
L l  I 
EO 
I 
F i g u r e  B - 1 .  A c o u s t i c - E l e c t r i c  Analogy f o r  FD 23079 
Para l l e  1 Doub l e  Res ona t o r  
The impedance of t h e  a c o u s t i c a l  system can be determined by (1) s o l v i n g  
i t s  e q u i v a l e n t  e l e c t r i c a l  c i r c u i t  and (2)  by s u b s t i t u t i n g  t h e  a c o u s t i c  
e lements  of t h e  system f o r  t h e i r  a s s o c i a t e d  e lements  i n  t h e  c i r c u i t .  The 
p a r a l l e l  r e s o n a t o r  c i r c u i t  w i l l  now be so lved  f o r  t h e  e q u i v a l e n t  impedance 
term and t h e  r e s u l t i n g  a b s o r p t i o n  c o e f f i c i e n t .  A method f o r  de t e rmin ing  
r e s o n a n t  frequency va lues  is a l s o  p re sen ted .  
Using t h e  c i r c u i t  of f i g u r e  B - 1  t h e  component impedances are w r i t t e n  
a s  : 
z2 = R2 + (xL2 
where: i = fi 
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The t o t a l  equ iva len t  impedance can be expressed  as fol lows : 
By s u b s t i t u t i o n :  
I +  [ja,R2 - (xL1 + XC1)(xL2 + xc2jl (R1 + "2) + k l c . L 2  + xc2) + RZ(XL1 + XC1)(XL1 + xcl + XL2 + X C 2 j  ("1 + "z), + (XL1 + xcl + XL2 + xc2f 
pL2 + XC2) + "2(XL1 + x c l , l p  + 5) - p 2  - (xL1 + XC1)(XL2 + XC2)I(xL1 + xcl + XL2 + XCZ) 
i 2 
(R1 + R2f + (XL1 + xcl + XL2 + XC2) 
The equ iva len t  impedance is now expressed  i n  t e r m s  o f  r e a l  and imaginary 
components. S u b s t i t u t i n g  f o r  t h e  r e a c t i v e  terms: 
XL1 - L1 
xcl oc l  
XL2 - L2 
xc2 oc2 
1 1 P - -  - -- 
where: W = angu la r  frequency ( r a d / s e c )  
The a b s o r p t i o n  c o e f f i c i e n t  is  d e f i n e d  as the  r a t i o  of energy  absorbed t o  
t h e  energy of t h e  i n c i d e n t  p r e s s u r e  wave. 
a c o u s t i c  impedance t h e  a b s o r p t i o n  c o e f f i c i e n t  can  be c a l c u l a t e d  from: 
I n  terms of t h e  s p e c i f i c  
B- 2 
Pratt & Whitney Rircraft 
PWA FR-2596 
Express ions  f o r  t h e  r e sonan t  f requencies  may be c a l c u l a t e d  by s e t t i n g  
t h e  imaginary term of t h e  equ iva len t  impedance equal  t o  ze ro .  The terms 
become t o o  cumbersome t o  e s t a b l i s h  resonant  f requency equa t ions  i n  
g e n e r a l  terms s o  t h e  r e s u l t s  a r e  not  p re sen ted .  By i n s p e c t i n g  t h e  
exper imenta l  d a t a  i n  f i g u r e  V-31, a method was de r ived  f o r  de te rmining  
t h e  two observed r e sonan t  f requencies  of  a p a r a l l e l  double  r e s o n a t o r .  
The lower r e sonan t  f requency,  fo l ,  of t h e  p a r a l l e l  c o n f i g u r a t i o n  corresponds 
t o  t h e  lower n a t u r a l  f requency of  the i n d i v i d u a l  types .  
That i s :  
where : 
f o ~  = foa 
fol  = f i r s t  resonant  f requency o f  pa ra l l e l  double  
fo2 = second resonant  f requency of p a r a l l e l  double  
r e s o n a t o r  
r e s  ona t o r  
f o l  < fo2 
foa 
fob 
= resonant  frequency of Type A r e s o n a t o r  
= r e sonan t  frequency of Type B r e s o n a t o r  
The h i g h e r  of t h e  r e sonan t  f requencies  f o r  t he  p a r a l l e l  c o n t i g u r a t i o n ,  
may be c a l c u l a t e d  i n  t h e  fol lowing manner: fo2’  
For  a n  a r r a y :  f o =  q / j  e f f  L 
where : At = t o t a l  a p e r t u r e  area 
Vt  = t o t a l  c a v i t y  volume 
( l e f  f)avg = average c a l c u l a t e d  e f f e c t i v e  l eng th  
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The above a n a l y s i s  a p p l i e s  on ly  t o  t h e  p a r a l l e l  double r e s o n a t o r  w i th  
i n d i v i d u a l  c a v i t i e s .  For a n  a r r a y  type c o n f i g u r a t i o n  wi th  a common back- 
ing  volume, o n l y  one r e s o n a n t  frequency would be observed and could  be 
c a l c u l a t e d  u s i n g  a n  ave rage  v a l u e  f o r  each t e r m  i n  t h e  r e sonan t  f requency  
equa t  ion. 
The s h i f t  of f o 2  t o  a v a l u e  lower than f can be exp la ined  i n  terms ob 
of t h e  i n c i d e n t  sound p r e s s u r e  l e v e l .  I n  a n  impedance tube  t es t  wi th  a 
s t anda rd  s i n g l e - t y p e - r e s o n a t o r  c o n f i g u r a t i o n ,  t h e  i n c i d e n t  p r e s s u r e  wave 
is d i s t r i b u t e d  evenly  a c r o s s  the  f a c e  of t h e  r e sonan t  sample. A p a r a l l e l  
double  r e s o n a t o r  produces d i s t o r t i o n  of t h e  sound wave a t  t h e  sample  f a c e  
because of t h e  double impedances p r e s e n t .  Due t o  t h i s  d i s t o r t i o n  t h e  
p a r a l l e l  c o n f i g u r a t i o n  does n o t  have a performance e q u i v a l e n t  t o  t h a t  of 
two d i f f e r e n t  r e s o n a t o r s  performing s e p a r a t e l y .  It should  be remembered 
t h a t  the s o l u t i o n  of t h e  p a r a l l e l  double r e s o n a t o r  c i r c u i t  is  based on 
a n  u n d i s t o r t e d  inc idence  p r e s s u r e  wave. A s  a r e s u l t ,  a n a l y t i c a l  equa t ions  
from the c i r c u i t  analogy w i l l  n o t  produce r e s u l t s  t h a t  a r e  e x a c t l y  equiva-  
l e n t  t o  exper imenta l  d a t a .  
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APPENDIX C 
DERIVATION OF IMPEDANCE EQUATION 
A t y p i c a l  Helmholtz r e s o n a t o r  a t  t h e  end of a tube is shown i n  t h e  
f i g u r e  below: 
Microphonesw 
F i g u r e  C-1. Helmholtz Resonator i n  
Impedance Tube 
FD 23080 
Shown i n  t h e  f i g u r e  a r e  two microphones, one mounted i n  the  s i d e  w a l l  t o  
measure the  sound p r e s s u r e  i n  f r o n t  of  t h e  sample and one on the  r e a r  
w a l l  of t h e  c a v i t y .  With the  s i g n a l s  from both microphones the  phase 
d i f f e r e n c e  between t h e  two p r e s s u r e  waves can  be de te rmined .  
The t o t a l  impedance a t  t h e  end of t h e  tube is  
- 
‘ t o t a l  ‘plate 
where by d e f i n i t i o n  
- p1 - p2 
‘plate Gu 
+ 
a i r  c a v i t y  Z 
and a l s o  
- p2 i -- =-  
‘air c a v i t y  $ u  kL 
Solv ing  C-2 f o r  u ,  s u b s t i t u t i n g  i n t o  C-3 and s o l v i n g  f o r  Z g i v e s  : 
p l a t e  
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Using a mathematical  i d e n t i t y ,  t h e  r a t i o  of complex p r e s s u r e s  can be 
expressed as:  
S u b s t i t u t i n g  t h e  i d e n t i t y  i n t o  C-4 g i v e s :  
cos  6 p1 = t( 21 P s i n * -  
[I - 1  p2I ' p l a t e  
So lv ing  C-1 for Ztotal  gives. 
From C - 6  t h e  a c o u s t i c  r e s i s t a n c e  i s :  
Also the  a c o u s t i c  r e a c t a n c e  is:  
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APPENDIX D 
DERIVATION OF THE INCIDENT SPL EQUATION 
When a l o n g i t u d i n a l  sound wave i s  i n c i d e n t  on an a r r a y  of r e s o n a t o r s ,  
p a r t  o f  t he  i n c i d e n t  sound i n t e n s i t y  ( I . )  i s  t r a n s m i t t e d  ( I t )  and t h e  
remaining p a r t  i s  r e f l e c t e d  (I,) as shown i n  t h e  fol lowing s k e t c h :  
1 
The t r a n s m i t t e d  wave may be r ep resen ted  by: 
I t  - Ii  - Ir 
2 The i n t e n s i t y  can be w r i t t e n  a s  I = P / 2 p c ;  t h e r e f o r e  
e q u a t i o n  (D-1) can be w r i t t e n  a s  
2 2 Pt2 = Pi - Pr 
The a b s o r p t i o n  c o e f f i c i e n t  i s  g iven  by 
S u b s t i t u t i n g  e q u a t i o n  (D-2) i n t o  (D-3) and s i m p l i f y i n g  g i v e s  
Absorpt ion i s  de f ined  by t h e  fol lowing e q u a t i o n  
(D-5: 
where Z i s  t h e  impedance of t he  r e s o n a t o r  a r r a y .  
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S e t t i n g  e q u a t i o n s  (D-4) and (D-5) e q u a l ,  
'r Z - 1  
'i 
- = -  
z +  1 
The t o t a l  sound p r e s s u r e  (P 1 ) i s  g i v e n  by 
P = P. + PI: (D-7) 
1 1 
Solving e q u a t i o n  (D-7) f o r  Pr and s u b s t i t u t i n g  i n t o  e q u a t i o n  (D-6) g i v e s  
' 1 - ' i  - Z - 1  -- 
z + 1  pi 
Simpl i fy ing  and s o l v i n g  f o r  t h e  t o t a l  sound p r e s s u r e  g i v e s  
When t h e  system i n  q u e s t i o n  i s  an a r r a y  of Helmholtz r e s o n a t o r s ,  
s i m p l i f y i n g  e q u a t i o n  (D-9) w i l l  g i v e  
where the t o t a l  impedance of t h e  r e s o n a t o r  i s  d e f i n e d  a s  
- 
' t o t  'p la te  + ' a i r  c a v i t y  
and 
= ( e -  i X )  
'p la te  P 
and 
i 
' a i r  c a v i t y  kL 
= -  
(D-10) 
(D-11) 
(D-12) 
(D-13) 
Using t h e s e  d e f i n i t i o n s  and s u b s t i t u t i n g  i n t o  e q u a t i o n  (D-10) g i v e s  
or 
p1 
The i n c i d e n t  sound p res su re  can  be solved 
the  r e s i s t a n c e  and r eac t ance  o f  t h e  r e s o n a t o r  
technique given i n  S e c t i o n  V I .  
'i 
[(8+ 1)2 + x 21112 
2 8  [ 2 + X  211'2 = P  
whe re 
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(D-15) 
from e q u a t i o n  (D-16) a f t e r  
a r e  determined from t h e  
(D-16) 
D -3 
Pratt & Whitney Flircraft 
PWA FR-2596 
APPENDIX E 
DISTRIBUTION LIST 
The r e p o r t  i s  t o  be s e n t  d i r e c t l y  t o  t h e  r e c i p i e n t  except  where t h e  
t e c h n i c a l  l i b r a r i a n  f o r  t h e  r e c i p i e n t  i s  d e s i g n a t e d .  I n  t h e s e  c a s e s  t h e  
r e p o r t  i s  t o  be  s e n t  t o  t h e  l i b r a r i a n  and a copy of t h e  t r a n s m i t t a l  
l e t t e r  t o  t h e  r e c i p i e n t .  
NASA He a d qua r t e r  s 2 
Washington D . C .  20546 
Attn:  D r .  R. S .  Levine,  RPL 
NASA Head qua r t e r s 2 
Washington D . C .  20540 
At tn :  M r .  A .  0. T i s c h l e r ,  RP 
NASA He ad qua r t e r s 2 
Washington D . C .  20546 
Attn:  M r .  Edward Z .  Gray, D i rec to r  
Advanced Manned Missions,  MT 
O f f i c e  of Manned Space ' l i gh t  
NASA blarshal l  Space F l i g l  
Center  
H u n t s v i l l e ,  Alabama 35812 
At tn :  Purchasing O f f i c e ,  PR-SC 
NASA Marsha l l  Space F l i g h t  
Center  
H u n t s v i l l e ,  Alabama 35812 
Attn:  S c i e n t i f i c  and Technica l  
Informat ion  Branch, MS-IP 
NASA Marsha l l  Space F l i g h t  
Center  
H u n t s v i l l e ,  Alabama 35812 
At tn :  P a t e n t  O f f i c e ,  CC-P 
NASA Marsha l l  Space F l i g h t  
Center  
H u n t s v i l l e ,  Alabama 35812 
Attn:  Technology U t i l i z a t i o n  
O f f i c e ,  MS-T 
NASA Marsha l l  Space F l i g h t  
Center  
H u n t s v i l l e ,  Alabama 35812 
Attn:  M r .  Robert  Richmond, 
R-P&VE-PAB 
NASA Marsha l l  Space F l i g h t  
Center  
H u n t s v i l l e ,  Alabama 35812 
Attn:  Mr. Rex Bai ley ,  
R-P&VE-PAA 
NASA Marsha l l  Space F l i g h t  
Center  
H u n t s v i l l e ,  Alabama 35812 
Attn:  M r .  K e i t h  Chandler ,  
R-P&VE-PA 
3 
1 
NASA A m e s  Research Center  1 
Mof fe t t  F i e l d ,  C a l i f o r n i a  94035 
Attn:  Technica l  L i b r a r i a n  f o r  
D r .  H.  J .  A l l e n ,  Director 
NASA Goddard Space F l i g h t  1 
Center  
Greenbe l t ,  Maryland 20771 
At tn :  Technica l  L i b r a r i a n  f o r  
Merland L. Moseson, Code 620 
NASA Lewis Research Cen te r  1 
21000 Brookpark Road 
Cleve land ,  Ohio 44135 
Attn:  D r .  Richard Priem 
NASA Lewis Research Center  
21000 Brookpark Road 
Cleve land ,  Ohio 44135 
Attn:  M r .  E .  W .  Conrad 
NASA Lewis Research Cen te r  
21000 Brookpark Road 
Cleveland,  Ohio 44135 
Attn:  Technica l  L i b r a r i a n  f o r  
D r .  Abe S i l v e r s t e i n ,  
D i rec t  o r  
2 
1 
E-1 
Pratt & Whitney Flircraft 
PWA FR-2596 
NASA J e t  Propuls ion  Lab- 
o r a t o r y  
C a l i f o r n i a  I n s t i t u t e  of 
Technology 
4800 Oak Grove Drive 
Pasadena, C a l i f o r n i a  91103 
Attn:  Technica l  L i b r a r i a n  f o r  
Robert  F.  Rose, 
Propuls ion  D i v i s i o n ,  38 
NASA Je t  P ropu l s ion  Lab- 
ora  t o r y  
C a l i f o r n i a  I n s t i t u t e  of 
Techno logy 
4800 Oak Grove Drive 
Pasadena, C a l i f o r n i a  91103 
At tn :  M r .  J ack  H. Rupe 
NASA Langley Research Center  
Langley S t a t i o n  
Hampton, V i r g i n i a  23365 
At tn :  Technica l  L i b r a r i a n  f o r  
Floyd L. Thompson, 
D i r e c t o r  
NASA Manned S p a c e c r a f t  Center  
Houston, Texas 77001 
Attn:  Technica l  L i b r a r i a n  f o r  
Robert  R.  G i l r u t h ,  
D i  rec t o r  
NASA Manned S p a c e c r a f t  Center  
Houston, Texas 77001 
At tn :  M r .  J .  G.  Thibodaux, EP 
NASA John F .  Kennedy Space 
Center  
Cocoa Beach, F l o r i d a  32931 
Attn:  Technica l  L i b r a r i a n  f o r  
D r .  K u r t  H. Debus, 
Director 
S c i e n t i f i c  and Techn ica l  
Informat ion  F a c i l i t y  
P.O. Box 33 
Col lege  Park,  Maryland 20740 
Advanced Research P r o j e c t s  
Agency 
Washington 25, D . C .  
At tn :  Technica l  L i b r a r i a n  f o r  
D r .  D .  E .  Mock 
1 
1 
1 
1 
1 
1 
24 
1 
Defense Documentation Center  
Head qua r t e r  s 
Cameron S t a t i o n ,  Bldg. 5 
5010 Duke S t r e e t  
Alexandr ia  , V i r g i n i a  22314 
At tn :  Technica l  L i b r a r i a n  f o r  
TISIA 
P i c a t i n n y  Arsena l  
Dover, New J e r s e y  07801 
At tn :  Techn ica l  L i b r a r i a n  f o r  
M r .  I .  F o r s t e n ,  Ch ie f ,  
Liquid P ropu l s ion  Labora- 
t o r y  , SMUPA-DL 
Roc ke t Res e a r  c h Lab ora  t o r  i e  s 
Edwards A i r  Force Base 
Edwards , C a l i f o r n i a  93523 
At tn :  Technica l  L i b r a r i a n  
Roc ke t R e s  e a r c  h Lab ora  t o r  ies  
Edwards A i r  Force  Base 
Edwards , C a l i f o r n i a  93523 
At tn :  M r .  Richard R.  Weiss, RPRR 
1 
1 
1 
1 
U.S. Army Missile Command 1 
Redstone Arsena l ,  Alabama 35809 
At tn :  Techn ica l  L i b r a r i a n  f o r  
Gen. Z i e r d t  
U.S. Army Missile Command 1 
Redstone Arsena l ,  Alabama 35809 
At tn :  D r .  Wal te r  W .  Wharton, 
AMSMI -RRK 
U.S. Naval Ordnance T e s t  S t a t i o n  1 
China Lake, C a l i f o r n i a  93557 
At tn :  Techn ica l  L i b r a r i a n  f o r  
Chief  , Missile P r o p u l s i o n  
D i v i s i o n ,  Code 4562 
U.S. Naval Ordnance Test S t a t i o n  1 
China Lake , C a l i f o r n i a  93557 
At tn :  M r .  Edward W .  P r i c e ,  
Code 5008 
Chemical P ropu l s ion  In fo rma t ion  1 
Agency 
Johns Hopkins U n i v e r s i t y  
Applied Phys ic s  Labora tory  
8621 Georgia Avenue 
S i l v e r  S p r i n g ,  Maryland 20910 
At tn :  Techn ica l  L i b r a r i a n  f o r  
Tom Reedy 
E-2 
Pratt & Whitney Qircrafi 
PWA FR-2596 
Chemical P ropu l s ion  In fo rma t ion  
Agency 
Johns Hopkins U n i v e r s i t y  
Applied Physics  Laboratory 
8621 Georgia Avenue 
S i l v e r  S p r i n g ,  Maryland 20910 
A t t n :  M r .  T.W. C h r i s t i a n  
ARL 
Wr igh t -Pa t t e r son  AFB 
Dayton, Ohio 45433 
At tn :  M r .  K .  S c h e l l e r ,  
Bldg. 450 
Headquarters  
A i r  Force O f f i c e  of S c i e n t i f i c  
R e  s ea rc  h 
P ropu l s ion  D i v i s i o n  
Washington, D . C .  
A t tn :  D r .  Bernard T .  Wolfson 
Department of t he  Navy 
O f f i c e  of Naval Research 
Washington, D . C .  20360 
At tn :  M r .  R .  0. J a c k e l  
RTNT 
B o l l i n g  F i e l d  
Washington, D . C .  20332 
At tn :  D r .  L. Green, Jr. 
Aerojet-General  Corporat ion 
P .O .  Box 1947 
Sacramento,  C a l i f o r n i a  95809 
At tn :  Techn ica l  L i b r a r i a n  f o r  
M r .  R .  S t i f f  
Aerojet-General  Corpora t ion  
P.O. Box 1947 
Sa cramen t o , Ca 1 i f o r  n i  a 9 5809 
A t t n :  D r .  Robert  J. Hefner 
Aerospace Corporat ion 
P.O. Box 95085 
Los Ange les , C a l i f  o rn i  a 90045 
At tn :  Techn ica l  L i b r a r i a n  f o r  
M r .  J .  C .  Wilder 
Aerospace Corpora t i o n  
P.O. Box 95085 
Los Angeles ,  C a l i f o r n i a  90045 
At tn :  M r .  0. W .  Dykema 
Aerospace Corpora t i o n  1 
P.O. Box 95085 
Los Angeles ,  C a l i f o r n i a  90045 
Attn:  D r .  W .  G .  S t r a h l e  
A r t h e r  D.  L i t t l e ,  Inc .  
Acorn Park 
Cambridge, Massachuset ts  02140 
At tn :  Techn ica l  L i b r a r i a n  f o r  
D r .  E .  K .  B a s t r e s s  
B e l l  Aerosys terns Company 
P.O. Box 1 
B u f f a l o  5 ,  New York 
Attn:  Techn ica l  L i b r a r i a n  f o r  
M r .  W .  M. Smith 
B e l l  Aerosystems Company 
P.O. Box 1 
B u f f a l o  5, New York 
Attn:  D r .  Theodor G .  Rossmann 
Boeing Company 
P.O. Box 3707 
S e a t t l e ,  Washington 98124 
Attn:  Techn ica l  L i b r a r i a n  f o r  
M r .  J. D .  Alexander 
Cur t i s s -Wr igh t  Corpora t ion  1 
Wright Aeronaut i c a  1 D i v i s i o n  
Wood-ridge , New J e r s e y  07075 
A t t n :  Techn ica l  L i b r a r i a n  f o r  
M r .  G .  Ke l ly  
General  E l e c t r i c  Company 
C i n c i n n a t i ,  Ohio 45215 
At tn :  Techn ica l  L i b r a r i a n  f o r  
M r .  D .  Suichu 
Lockheed Missiles and Space 
Company 
Techn ica l  In fo rma t ion  Cen te r  
P.O. Box 504 
Sunnyvale,  C a l i f o r n i a  94088 
Attn:  Techn ica l  L i b r a r i a n  f o r  
D r .  Y.C. Lee 
The Marquardt Corpora t i o n  1 
16555 S a t i c o y  S t r e e t  
Van Nuys, C a l i f o r n i a  91409 
At tn :  Techn ica l  L i b r a r i a n  f o r  
M r .  Warren P. Boardman, Jr. 
1 
1 
1 
1 
1 
1 
E -3 
Pratt 8, Whitney Qircraft 
PWA FR-2596 
North American Av ia t ion ,  I n c .  
Space and In fo rma t ion  Systems 
D i v i s i o n  
12214 Lakewood Boulevard 
Downey , C a l i f o r n i a  
Attn:  Technica l  L i b r a r i a n  f o r  
M r .  H .  Storms 
Reac t ion  Motors D iv i s ion  
Thiokol  Chemical Corpora t ion  
D e n v i l l e ,  New J e r s e y  07832 
At tn :  Technica l  L i b r a r i a n  f o r  
M r .  Ar thur  Sherman 
Reac t ion  Motors D iv i s ion  
Thiokol  Chemica 1 Corpora t ion  
Denv i l l e ,  New J e r s e y  07832 
A t t n :  M r .  0. Mann 
Space Technology Labora to r i e s  
TRW Incorpora ted  
One Space Park 
Redondo Beach, C a l i f o r n i a  90278 
At tn :  M r .  G .  W .  E l v e r u m  
S tan fo rd  Research I n s t i t u t e  
333 Ravenswood Avenue 
Menlo Park,  C a l i f o r n i a  94025 
At tn :  Technica l  L i b r a r i a n  f o r  
D r .  L ione l  Dickinson 
Dynamic Sc ience  Corpora t ion  
1445 Huntington Drive 
South  Pasadena, C a l i f o r n i a  
At tn :  Technica l  L i b r a r i a n  
TAPCO Div i s ion  
TRW, Incorpora ted  
23555 E u c l i d  Avenue 
Cleve land ,  Ohio 44117 
At tn :  Technica l  L i b r a r i a n  f o r  
Mr. P .  T .  Angel1 
Thiokol  Chemical Corpora t ion  
Redstone D i v i s i o n  
H u n t s v i l l e ,  Alabama 
At tn :  Technica l  L i b r a r i a n  f o r  
Mr . John Goodloe 
United A i r c r a f t  Corpora t ion  
South  Admin i s t r a t ion  Bldg. No. 2 
400 Main S t r e e t  
E a s t  H a r t f o r d ,  Connec t i cu t  06108 
At tn :  Techn ica l  L i b r a r i a n  f o r  
M r .  Er le  Mar t in  
United A i r c r a f t  Corpora t i  on 
Research L a b o r a t o r i e s  
400 Main S t r e e t  
E a s t  H a r t f o r d ,  Connect icu t  06108 
At tn :  M r .  D.  H. Utv ik  
Uni ted  Technology Center  
587 Mathi lda Avenue 
P.O. Box 358 
Sunnyvale ,  C a l i f o r n i a  94088 
At tn :  Technica l  L i b r a r i a n  f o r  
M r .  B .  Adelman 
United Technology Center  
587 Mathi lda Avenue 
P.O. Box 358 
Sunnyvale,  C a l i f o r n i a  94088 
At tn :  M r .  R .  H. Osborn 
Rocketdyne D i v i s i o n  of North 
American Av ia t ion  
6633 Canoga Avenue 
Canoga Pa rk ,  C a l i f o r n i a  91304 
At tn :  Technica l  L i b r a r i a n  f o r  
M r .  S .  Hoffman 
Rocketdyne D i v i s i o n  of North 
American Av ia t ion  
6633 Canoga Avenue 
Canoga Park ,  C a l i f o r n i a  91304 
At tn :  D r .  Robert  B. Lawhead 
Rocketdyne D i v i s i o n  of North 
American A v i a t i o n  
6633 Canoga Avenue 
Canoga Pa rk ,  C a l i f o r n i a  91304 
At tn :  M r .  Eugene C l inge r  
Warner -Swa sey  Company 
C o n t r o l  In s t rumen t  D i v i s i o n  
32-16 Downing S t r e e t  
F l u s h i n g ,  New York 11354 
At tn :  M r .  R .  H. Tour in  
1 
1 
1 
1 
1 
E -4 
I- 
Rocket Research Corpora ti  on 
520 Sou th  P o r t l a n d  S t r e e t  
S e a t t l e ,  Washington 98108 
At tn :  Techn ica l  L i b r a r i a n  f o r  
M r .  Robert  B r i d g e f o r t h  
Defense Research Corpora t ion  
P.O. Box 3587 
Santa  Barba ra ,  C a l i f o r n i a  
At tn :  M r .  B .  Gray 
Multi-Tech I n c .  
Box 4186 No. Annex 
San Fernando, C a l i f o r n i a  
At tn :  M r .  F. B. Cramer 
Geophysics Corpora t ion  of 
America 
Techn ica l  D i v i s i o n  
Bedford,  Massachuset ts  
Attn:  M r .  A .  C .  Tobey 
P o l y t e c h n i c  I n s t i t u t e  of 
Brooklyn 
Graduate Center  
Route 110 
Farmingda l e ,  New York 
A t t n :  D r .  V. D .  Agosta 
Applied Phys ic s  Laboratory 
The Johns Hopkins U n i v e r s i t y  
8621  Georgia Avenue 
S i l v e r  Spr ing ,  Maryland 20910 
At tn :  D r .  W .  G .  Berl  
Ohio S t a t e  U n i v e r s i t y  
Rocket Research Laboratory 
Department of Aeronau t i ca l  and 
A s t r o n a u t i c a l  Engineer ing 
Columbus 10, Ohio 
P r i n c e t o n  U n i v e r s i t y  
F o r r e s t a l  Research Cen te r  
P r i n c e t o n ,  New J e r s e y  
At tn :  D r .  I .  Glassman 
P r i n c e t o n  U n i v e r s i t y  
F o r r e s t a l  Research Center  
P r i n c e t o n ,  New J e r s e y  
At tn :  Mr. D .  T .  H a r r j e  
Pratt & Whitney Flircraft 
PWA FR-2596 
U n i v e r s i t y  of Wisconsin 
Department Mechanical 
Engine e r i  ng 
1513 U n i v e r s i t y  Avenue 
Madison, Wisconsin 53705 
A t t n :  D r .  P .  S .  Myers 
I 
Da r tmou t h Unive r s i t y  1 
Hanover, New Hampshire 
A t t n :  D r .  P. D .  McCormack 
U n i v e r s i t y  of Michigan 1 
Aeronaut i c a  1 and A s  t rona u t  i c a  1 
Eng inee r ing  L a b o r a t o r i e s  
A i  r c r a  f t P ropu l s  i o n  Lab. 
North Campus 
Ann Arbor ,  Michigan 
At tn :  D r .  J. A .  N i c h o l l s  
I n s t i t u t e  of Engineer ing 
Res ea r c  h 
U n i v e r s i t y  of C a l i f o r n i a  
Berke ley ,  C a l i f o r n i a  
At tn :  D r .  A .  K .  Oppenheim 
1 
Purdue U n i v e r s i t y  1 
School of Mec hanica 1 Engineering 
La f aye t t e ,  Ind iana  
At tn :  D r .  J. R .  Osborn 
Massachuset ts  I n s t i t u t e  of 
Technology 
Department of Mechanical 
Eng inee r ing  
Cambridge 3 9 ,  Mas s a c  huse t t s  
Attn:  D r .  T .  Y. Toong 
1 
I l l i n o i s  I n s t i t u t e  of Technology 1 
10 W. 3 5 t h  S t r e e t  
Chicago, I l l i n o i s  
A t tn :  D r .  P .  T. Torda 
Georgia I n s t i t u t e  of Technology 1 
Aerospace School 
A t l a n t a ,  Georgia 
At tn :  D r .  Ben T. Zinn 
E- 5 
